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ABSTRACT 


A  number  of  laser-pumped-laser  systems  have  been 
studied  which  offer  promise  of  development  into  sources  for 
very  high  intensity  beams  of  excellent  parallelism. 

The  arrangement  proposed  is  to  pump  a  vapor  volume 
from  many  directions  simultaneously  with  the  output  light  from 
a  large  number  of  primary  lasers  —  which  do  not  have  to  be  of 
good  optical  quality. 

Absorption  of  the  pump  light  by  molecules  of  the 
vapor  produces  inversion  in  some  of  the  molecular  transitions, 
in  such  a  manner  that  the  vapor  volume  can  lase  out.  most  of  the 
total  absorbed  energy  as  a  single  output  beam. 

Analysis  based  on  molecular  properties  recorded 
in  the  existing  literature  pointed  to  at  least  five  combinations 
of  materials,  with  outputs  between  7000A  and  5y,  which  look 
potentially  useful  for  such  a  system,  provided  no  new  unfavorable 
properties  of  the  gas  molecules  under  intense  irradiation  are 
established. 

All  of  these  combinations  appeared  deserving 
of  serious  experimental  investigation. 

Laboratory  work  under  the  contract  has  dealt 
entirely  with  one  of  these  possible  combinations:  saturated 
cesium  vapor  near  400°C  in  a  helium  atmosphere,  pumped  at 
1.06y  with  Nd  glass  lasers. 

The  experiments  so  far  indicate  a  strong  prob¬ 
ability  of  serious  trouble  from  some  dissipative  reaction 
occurring  in  the  cesium  vapor  at  high  pumping  fluxes.  However, 
the  origin  of  the  trouble  has  not  yet  been  definitely  settled. 
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1.  INTRODUCTION 

The  transformer  laser  concept  is  an  arrangement  proposed 
for  combining  the  outputs  of  numerous  auxiliary  lasers,  which  do 
not  need  to  be  in  phase,  and  which  do  not  need  to  he  of  the  beet 
optical  quality ,  into  a  single  coherent  diffraction-limited  beam 
containing  a  power  close  to  the  sum  of  the  auxiliary  laser  output 
powers.  This  is  to  be  done  by  absorption  of  the  pumping  laser 
beams  by  the  molecules  of  a  transformer  gas  medium,  in  such  a  manner 
that  inversion  occurs  and  the  gas  re-emits  most  of  the  absorbed 

energy  as  a  Single  new  laser  beam. 

The  present  contract  was  established  with  two  major  aims: 

(a)  to  analyze  theoretically  a  great  many  possible 
combinations  of  pumping  laSer  types,  and  gas 
transformer  media  types,  so  as  to  identify 
those  combinations  which  would  probably  be  most 
suitable  for  various  practical  applications  of 
the  concept,  and 

(b)  to  choose  as  quickly  as  possible  the  most  likely 
of  these  combinations  and  to  begin  its  experi¬ 
mental  testing  in  the  laboratory. 

In  pursuit  of  these  aims,  a  great  many  possible  combinations  have 
now  been  considered  analytically  under  the  contract.  From  a  pre¬ 
liminary  comparison  of  the  expected  merits  of  these,  one  combination 
was  chosen  fairly  early  in  the  contract  period  for  laboratory 
investigation,  and  no  reason  was  found  later  for  altering  this  choice 

of  a  first  combination  for  laboratory  study. 

This  combination  was  a  transformer  medium  of  hot  saturated 

cesium  vapor  mixed  with  helium,  to  be  pumped  by  neodymium  glass 
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lasers  at  1.06m-  All  of  the  experimental  work  of  the  contract  has 
been  carried  out  on  this  single  combination  of  materials. 


1.1  Summary  Of  Previous  Contract  Reports 

Three  Technical  Summary  Reports  have  already  been  issued 
at  six  month  intervals  under  the  present  contract.  They  are 
identified  as  follows: 

GPL  Div.  No.  Issue  Date  Defense  Dept.  No.  NASA, No. 

GPL-A-31-1  17  May  1965  AD-618896 

GPL-A-31-2  22  November  1965  AD-624481 

GPL-A-31-3  25  May  1966  AD-633839  N66-33813 

These  reports  are  available  to  the  general  public  through  the 
Clearinghouse  for  Federal  Scientific  and  Technical  Information, 

Springfield,  Virginia. 

The  first  report  was  entirely  analytical  and,  after 


outlining  numberous  possibilities  for  different  transformer  media 
to  be  pumped  by  various  primary  lasers,  dealt  chiefly  with  a  <  sign 
for  pumping  cyanogen  gas  monomer  molecules,  CN,  with  a  battery  of 
Nd  glass  lasers.  This  analysis  was  continued  in  the  second  report, 
with  the  conclusion  that  transformer  maximum  output  energy  densities 
of  the  general  order  of  1  joule/cm3  in  a  1ms  pulse  might  be  attain¬ 
able  with  this  combination  insofar  as  could  be  judged  from  information 

already  existing  in  the  scientific  literature. 

The  principal  analytical  topic  of  the  second  report  was 
a  proposed  design  for  pumping  metastable  nitrogen  gas  molecules 
with  a  battery  of  Nd  glass  lasers.  The  conclusion  reached* again 
limited  to  analysis  based  on  information  already  existing  in  the 
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literature,  was  that  this  combination  should  indeed  act  as  a  trans¬ 
former  laser,  but  that  one  could  not  yet  be  optimistic  about 

3 

reaching  a  1  ms  pulse  energy  output  density  of  1  joule/cm  ,  while 
maintaining  good  optical  quality  of  the  output  beam. 

During  the  period  covered  by  the  second  report,  experi¬ 
mental  work  was  begun  on  the  transformer  laser  concept.  The  system 
chosen  tor  first  study  in  tne  GPL  Division  laboratory  was  a  Cs2 
plus  He  molecular  vapor  medium, pumped  by  Nd  glass  laser  light. 

This  choice  was  made  because  this  combination  appeared  potentially 
capable  of  operating  satisfactorily  at  much  greater  output  pulse 
energy  densities  than  any  other,  provided  multiple  quantum  excitation 
effeote  did  not  lead  to  excessive  generation  of  waste  heat  in  the 
vapor.  This  latter  crucial  point  could  only  be  settled  by  experi¬ 
mental  tests  ht  high  irradiation  densities. 

Techniques  for  handling  cesium  in  a  manner  to  exclude 
impurities  were  tested,  and  the  near  infared  molecular  absorption 
spectrum  of  the  vapor  at  about  280°C  was  mapped  at  low  dispersion, 
using  a  Pyrex  glass  vapor  container.  Besides  extending  the  known 
CS  •  (A-X)  band,  centered  at  ly ,  farther  into  the  infrared  than  it 

had  ever  been  observed  previously,  two  entirely  new  absorption 

bands  were  found  near  1.13y  and  1.21y. 

In  the  third  report,  the  existing  scientific  literature 

on  all  the  alkali  metals  was  analyzed,  in  order  to  be  able  to 
estimate  and  extrapolate  those  molecular  constants  of  the  Cs2 
molecule  needed  for  initial  understanding  of  the  behavior  to  be 
expected  from  cesium  vapor  under  strong  Nd  laser  light  irradiation. 
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Experimentally,  the  Cs2*  (A-X)  absorption  band  system  was  measured 
under  higher  dispersion  than  before,  at  vapor  temperatures  up  to 
about  400°C ,  using  containers  made  of  specially  corrosion  resistant 
Corning  1720  glass.  In  this  period  the  hot  cesium  vapor  was  also 
irradiated  with  1  ms  pulses  of  1.06y  Nd  glass  laser  light  at  a 
maximum  pulse  energy  of  about  0.02  joules.  The  highest  average 
pulsed  beam  intensity  used  was  about  80  watts/cm2*  The  amount  of 
Nd  light  absorbed  by  the  vapor  was  found  to  depend  strongly  on 
the  laser  beam  intensity,  in  a  manner  which  made  it  seem  that 
bleaching  of  the  absorbing  transition  was  occurring. 

Fluorescence  of  the  cesium  molecules  as  a  result  of  the 
absorbed  1.06y  energy  was  also  studied,  at  various  vapor  temperatures. 
Fluorescence  throughout  the  Cs2-  (A-X)  band  was  observed,  indicating 
the  expected  (and  desired)  collisional  transfer  of  the  excited  mole¬ 
cular  population  from  those  levels  excited  initially  to  many  other 
nearby  vibrational  and  rotational  levels  of  the  Cs2*A  state.  In 
addition,  particularly  at  the  higher  temperatures,  irradiation  of 
the  vapor  with  1.06m  light  caused  strong  fluorescence  in  the  newly 
discovered  spectral  features  at  1.13y  and  1.21y.  Apparently, 
collisions  were  also  transferring  excitation  energy  in  a  consider¬ 
able  fraction  of  the  molecules  from  the  C:j2*A  state  to  the  upper 
states  of  these  other  transitions. 

1.2  New  Work  Covered  In  This  Report 

The  experimental  contract  work  during  the  most  recent 

period  has  been  a  continuation  of  studies  on  the  behavior  of  hoc 
cesiu  vapor  irradiated  by  1.06y  Nd  glass  laser  light.  Both 
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atomic  and  molecular  cesium  fluorescent  emission  has  been  observed 
at  numerous  wavelengths, arising  from  about  5  cm  of  vapor  irradiated 
with  1  ms  pulses  containing  as  much  as  8  joules  of  1 . 06 p  energy. 

These  investigations  have  dealt  with  pure  Cs  vapor  near  350°C, 
and  also  with  a  mixture  of  Cs  saturated  at  this  temperature  in 
about  1  atm  of  helium  gas.  The  extent  to  which  the  vapor  absorbed 
Nd  light  has  also  been  studied  at  this  new  higher  irradiation 
beam  intensity. 

Attempts  were  made  to  detect  initial  transformer  laser 
action  in  this  system  by  surrounding  the  irradiated  vapor  with  a 
cavity,  constructed  from  a  pair  of  almost  confocal  concave  mirrors. 

No  lasing  has  been  observed  from  the  cesium  vapor  so  far.  Lasing 
at  the  very  start  of  the  pulse  may  have  been  blocked  by  losses 
within  the  vaDor,  or  possibly  by  losses  arising  from  the  poor 
optical  quality  of  the  only  available  1720  glass  containers,  or  by 
any  of  several  other  possible  effects.  A  vapor  container  havino 
windows  of  good  quality  made  of  either  sapphire  or  MgO,  which  are 
believed  to  be  unattacked  by  alkali  metal  vapors  up  to  about  800°C, 
should  give  additional  information  on  the  problem.  Lasing  at  later 
times  in  the  pulse  should  probably  not  be  expected  in  view  of  the 
finding  that  a  probable  major  decrease  in  the  molecular  concentration 
during  the  pulse  is  occurring  in  all  the  work  so  far. 

All  of  this  new  experimental  work  will  be  detailed  in 
Sections  6-  12  of  this  report. 

Much  of  the  theoretical  work  of  the  recent  period  has 
consisted  of  special  auxiliary  studies  on  alkali  metal  vapor 
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properties  needed  for  the  explanation  of  particular  questions  which 
arose  in  the  laboratory  work.  Some  of  these  are  recounted  in 
Section  5  below.  Section  4  describes  a  small  amount  of  the  design 
work  on  a  proposed  transformer  system  of  sodium  vapor  pumped  by  a 
battery  of  ruby  lasers  which  had  received  extensive  analysis  under 
GPL  Division  funding  before  the  start  of  the  present  contract. 

A  considerable  analytical  effort  was  also  placed  on  the 
search  for  a  suitable  gas  or  vapor  transformer  medium  which  could 
be  pumped  by  a  battery  of  Er  glass  lasers.  As  described  in 
Section  3,  the  most  likely  polyatomic  gas t  HCN,  does  not  seem 
completely  satisfactory.  However,  it  is  believed  that  a  diatomic 
gas,  CO  at  high  pressure,  could  be  pumped  by  Er  glass  lasers  to 
yield  a  very  high  intensity  output  beam  near  1.66y  of  excellent 
optical  quality.  The  CO-Er  design  concept  will  be  discussed  in 
Section  2  of  this  report.  The  description  will  include  repetition 
of  enough  details  of  the  transformer  laser  cyclic  process  that  this 
concept  may  be  understood  by  readers  who  do  not  have  available 
the  previous  reports  of  this  series. 


2.  THE  CO-Er  GLASS  TRANSFORMER  LASER  CONCEPT 


2.1  General  Description  of  Proposed  Arrangement 

Figure  1  is  a  schematic  diagram  of  the  type  of 
arrangement  proposed  for  a  transformer  laser  assembly.  An 
array  of  erbium  glass  pumping  lasers,  whose  output  beams 
do  not  need  to  be  extremely  parallel , feed  energy  from  all 
directions  at  about  1.57y  into  the  transformer  medium, 
which  is  CO  gas  at  100  atm  pressure  and  about  100°K.  By 
absorption  of  this  light,  a  major  fraction  of  the  CO  mole¬ 
cules  is  excited  to  various  rotational  levels  of  the 
(v  =•  3)  vibrational  level  belonging  to  the  ground  electronic 
state.  Molecular  collisions  quickly  cause  vibrational 
energy  exchanges  which  will  tend  to  produce  a  pseudo- 
Boltzmann  distribution  of  all  the  molecules  among  all  the 
vibrational  levels  of  the  C0*X  electronic  state.  The 
collisions  will  also  maintain  pseudo-Boltzmann  distributions 
of  molecules  over  the  rotational  levels  belonging  to  each 
of  the  vibrational  levels,  separately. 

In  the  early  stages  of  a  1  ms  pumping  pulse,  if  the 
pumping  is  sufficiently  intense,  the  combined  effects  of 
energy  absorption  and  collisional  redistribution  over  the 
molecular  energy  levels  will  produce  inversions  between 
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many  pairs  of  these  levels  —  in  the  manner  first  proposed 
by  GPL  Division  in  1963,  and  which  has  now  become  well 
known  from  the  operation  of  various  gas  lasers.  Thus,  Hocker, 
Kovacs,  Rhodes,  Flynn,  and  Javan  (1966)  have  reported 
detailed  experiments  on  the  development  of  such  collisionally- 
fed  inversions  in  the  C02  laser  powered  by  an  electric  dis¬ 
charge  . 

The  "trigger  section"  shown  at  the  right  side  of 
Figure  1  has  a  selectively  tuned  cavity,  which  causes  lasing 
to  begin  and  to  build  up  preferentially  on  those  of  the 
transitions  with  inverted  populations  which  will  yield  out¬ 
put  wavelengths  most  desirable  for  the  system  as  a  whole. 

These  wavelengths  are  amplified  by  the  main  body  of  the  trans¬ 
former  as  a  once-through  travelling  wave.  The  plane  wave- 
front  initiated  by  the  trigger  section  will  be  amplified  in 
the  main  section  and  sent  on  to  the  output  as  a  high-energy 
plane  wave,  provided  there  is  no  waste  heat  in  the  gas  to 
create  thermal  inequalities  which  would  reduce  the  optical 
quality  of  the  path.  It  is  precisely  because  of  this  latter 
point  that  CO  is  such  an  extremely  desirable  transformer 
medium.  Low  temperature  carbon  monoxide  gas  and  nitrogen 
gas  probably  have  the  greatest  resistances  of  any  known 
substances  toward  wasteful  transfer  of  vibrational 
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excitation  energy  into  sensible  heat  by  collision.  (The 
possibilities  for  the  use  of  nitrogen  gas  in  a  transformer 
were  surveyed  in  report  GPL  A-31-2.) 

In  the  next  section  the  important  pumping  process 
will  be  considered  more  carefully. 

2 . 2  Pumping  CO  with  Er  Glass  Lasers 

Snitzer  and  Woodcock  (1965)  obtained  lasing  of  the 
Er+++  ions  in  an  Er-K-Ba-Na  silicate  glass  at  6480.8  cm  1 ,  or 
1.5426p,  with  a  pulse  of  about  1/3  ms.  Gandy,  Gintherf  and 
Weller  (1965)  used  an  Er-Li-Mg-Al  silicate  glass  and  measured 
its  lasing  frequency  with  a  low  resolution  spectrometer 
as  lying  in  the  range  6580  -  6330  cm-1,  with  some  theoretical 
reasons  for  suspecting  it  to  be  near  6410  cm.  .  They 
obtained  pulses  of  several  nsec  duration.  As  Figure  2  shows, 
these  locations  are  quite  close  to  the  (3-0)  vibration- 
rotation  band  of  CO-X,  whose  origin  is  at  6350.4  cm  . 

The  set  of  molecular  constants  for  CO*X  recently 
derived  by  Patel  (1965)  agrees  very  closely  with  the  latest 
experimental  measurements,  not  only  for  the  low  levels  but 
also  for  levels  with  as  high  vibrational  quantum  number  as 
(v  =  18)  Table  1  gives  the  location  of  the  first  twenty 
five  vibrational  levels  as  calculated  from  these  constants, 
and  Table  2  lists  the  rotational  levels  and  lines  involved 
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TABLE  1.  The  Lower  Vibrational  Levels  Of  CO*X 
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Vibrational 

Level 

Energy 

n  -1 
0  cm 

2,143 

4,260 

6,351 

8,415 

10,452 

12,464 

14,449 

16,409 

18,342 

20,250 

22,132 

23,987 

25,818 

27,622 

29,402 

31,155 

32,884 

34,587 

36,264 

37,916 

39,544 

41,147 

42,724 

44,276 

45,804 
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TABLE  2.  Locations  of  Rotation  Levels  and  Lines 


For  the 

CO-X  {3-Os) 

Bands 

Rotation 

Levels 

Band 

Lines 

J 

v^T3 - 

v=3 

P-branch  R-branch 

0 

.  -1 
0  cm 

-1 

0  cm 

-  ■-  - 

.  6354  cm" 

1 

4 

4 

6347  cm 

6358 

2 

12 

11 

6343 

6361 

3 

23 

22 

6339 

6365 

4 

39 

37 

6334 

6368 

5 

58 

56 

6330 

6371 

6 

81 

79 

6326 

6374 

7 

108 

105 

6321 

6377 

8 

138 

135 

6317 

6380 

9 

173 

168 

6312 

6383 

10 

211 

206 

6307 

6386 

11 

254 

247 

6302 

6388 

12 

300 

292 

6297 

6391 

13 

350 

340 

6292 

6393 

14 

404 

393 

6287 

6394 

15 

461 

448 

6282 

6398 

16 

523 

508 

6275  . 

6400 

17 

588 

572 

6271 

6402 

18 

657 

639 

6265 

6403 

19 

730 

710 

6260 

6405 

20 

806 

784 

6254 

6407 

21 

887 

863 

6248 

6408 

22 

971 

945 

6242 

6410 

23 

1059 

1030 

6236 

6411 

24 

1151 

1120 

6230 

6412 

25 

1247 

1213 

6223 

6413 

26 

1347 

1310 

6217 

6414 

27 

1450 

1410 

6210 

6415 

28 

1557 

1515 

6204 

6416 

29 

1668 

1622 

6197 

6416 

30 

1783 

1734 

6190 

6417 

31 

1901 

1849 

6183 

6417 

32 

2023 

1968 

6176 

6418 

33 

2149 

2091 

6169 

6418 

34 

2279 

2217 

6162 

6418 

35 

2413 

2347 

6154 

6418 

36 

2550 

2480 

6147 

6418 

37 

2691 

2617 

6140 

6417 

38 

2836 

2758 

6132 

6417 

39 

2984 

2902 

6124 

6416 

40 

3137 

3050 

6116 

6416 

41 

3292 

3202 

6108 

6415 

42 

3452 

3357 

0100 

6414 

43 

3616 

3516 

6092 

6413 

44 

3783 

3679 

6084 

6412 

45 

3953 

3845 

6076 

6411 

46 

4128 

4014 

6067 

6410 

47 

4306 

4188 

6059 

6409 

48 

4488 

4364 

6050 

6407 

49 

4673 

4545 

6041 

6406 

50 

4863 

4729 

6033 

in  the  (3-0)  band,  all  to  the  nearest  cm"1.  The  high  precision 
available  from  Patel's  constants  is  not  actually  needed  in 
the  present  application,  since  at  100  atm  and  100°K  each  line 
will  be  about  12  cm  1  broad. 

It  is  uncertain  what  alteration,  if  any,  needs  to  be 
made  to  either  of  the  existing  Er  glass  lasers  to  render  its 
output  light  adequately  absorbable  by  CO  gas.  Figure  2  shows 
that  the  absorption  band  of  the  type  of  glass  used  by  Snitzer 
and  Woodcock  completely  overlaps  the  R  branch  of  the  CO  absorp¬ 
tion,  and  presumably  lasing  could  be  promoted  to  some  degree 
anywhere  within  that  band  of  the  glass.  Regardless  of  whether 
or  not  Gandy,  Ginther,  and  Weller's  glass  lased  70  cm  1  closer 
to  the  CO  band  than  did  the  other  glass,  it  seems  probable 
that  some  glass  could  be  found  which  would  shift  the  emission 
frequency  this  much  and  more.  Thus,  Maurer  (1963)  found  as 
much  as  110  cm"1  difference  between  the  centers  of  the  1.06y 
Nd  absorption  bands  in  various  kinds  of  Nd-bearing  glasses, 
and  there  is  100  cm-1  difference  between  the  Nd  lasing 
frequency  in  silicate  glass  measured  by  Snitzer  (1965)  and  the 
Nd  lasing  frequency  in  BeFj  glass  measured  by  Petrovsky,  et 
al  (1966) .  The  maps  by  Dieke  et  al  (1961)  show  that  crystal  field 
splitting  in  the  lower  level  of  the  Er  lasing  transition  is 
fully  as  broad  as  that  for  the  Nd  1.06y  lasing  transition 
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Location  of  the  av  =  3  bands  of  CO  with  respect  to  the 
Er  glass  laser  spectra  and  the  atmospheric  absorption  lines 


in  the  same  crystal.  This  is  one  indication  that  these  two 
states  are  equally  susceptible  to  the  influence  of  neighbor¬ 
ing  atoms  in  a  solid. 

Let  us  assume  that  the  output  spectra  from  a  battery 
of  suitable  Er  glass  lasers  can  be  made  to  cover  a  region 
a  few  wavenumbers  wide,  centered  near  the  maximum  R-branch 
intensity  of  the  (3—0)  band  at  100  K,  near  6370  cm  or  1.5694ji. 
For  the  beginning  of  the  pumping  flash,  the  absorption  co¬ 
efficient  of  the  gas  for  this  light  can  be  determined  from 

-4  -1 

the  work  of  Young  (1966),  who  found  k^l.5  x  10  cm  /amagat 
for  this  region  in  CO  at  300°K.  (This  unit  is  equivalent 
to  the  unit  labelled  "cm-2  atm-1  at  STP"  by  some  writers. 

One  amagat  =  2.69  x  10^^  particles/cm  .)  His  results  for 
higher  temperatures  imply  that  extrapolation  back  down  to 
100°K  would  lead  to  k  ts^l.O  x  10~4  cm_1/amagat  near  6370 
cm”^.  The  number  density  of  gas  at  100  atm  and  100  K  is 
(100  x  273/100)  =  273  amagat.  The  absorption  coefficient 
of  the  gas  at  the  beginning  of  pumping  would  then  be  k^2.7 
x  10~2  cm-1.  In  a  single  pass  across  a  transformer  tube  width 
of  10  cm, for  example,  approximately  the  fraction 


of  the  pump  light  would  be  absorbed. 


15. 


It  would  seem, therefore,  uhat  even  in  the  later 
stages  of  a  power  pulse, when  the  transitions  would  be 
partially  bleached, the  number  of  passes  required  for  rapid 
absorption  of  the  pumping  energy  would  not  be  excessive.  That 
is,  if  the  CO  volume  was  placed  within  the  resonant  cavity 
"ofTla'ch  Er  glass  laser,  through  the  use  of  TIR  prism  reflectors, 
the  fraction  of  the  pumping  energy  which  must  be  absorbed  by 
the  various  pieces  of  glass  should  remain  acceptable  through¬ 
out  the  pulse. 

* 

2.3  Choice  of  the  Lasing  Wavelength 

In  order  to  reach  high  output  pulse  energy  levels 
with  a  CO-Er  transformer  laser  it  would  probably  be  desirable 
to  lase  in  transitions  requiring  less  radiation  field  strength 
for  reaching  a  very  short  stimulated  emission  lifetime  than  do 
the  transitions  of  the  (3-0)  band.  For  space  applications  of 
this  device, it  would  probably  be  easiest  to  lase  in  various  P- 
branch  lines  of  the  (3-2)  band  near  4.7u.  The  spontaneous 
emission  lifetime  of  the  upper  levels  for  this  band  is 
relatively  short,  and  so  it  is  correspondingly  easier  to 
produce  a  high  probability  for  stimulated  emission.  For 
ground-based  applications  it  would  be  desirable  to  i  je 
wavelengths  outside  of  the  strong  atmospheric  absorption  bands. 


*  Much  of  the  information  about  the  CO  molecule  used  in  sections  _ , 
2.3  -  2.6  was  developed  during  a  detailed  analysis  of  a  C0-CaF2tDy 
transformer  laser  concept  carried  out  by  GPL  Division  with  Company 
funds  before  the  start  of  the  present  contract. 
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Figure  2  diagrams  the  atmospheric  absorptions  in  the 
neighborhood  of  the  (3-0)  band, and  of  some  of  the  other 
members  of  the  Uv«-3)  series,  from  the  data  of  Mohler 
(1955) .  The  higher  members  of  this  series  have  shorter 
and  shorter  spontaneous  emission  lifetimes.  As  shown  in 
various  texts,  such  as  Penner  (1959). the  squared  matrix 
element  for  transitions  between  the  rotation  levels  of 
(v=n+s)  and  the  rotation  levels  of  (v«n) ,  in  a  diatomic  mole¬ 
cule  electronic  state  having  vibrational  anharmonicity  constant 
u>exfi,  is  approximately  proportional  to 

..s-l  .  (n+.s)  ! 

X  i\Pi  » 

e  _2_ , 


Since  the  spontaneous  emission  lifetime  is  proportional  to 
the  reciprocal  of  this  expression,  one  may  start  with  the 
well  known  value  of  TSp0nt  *  33  ms  for  the  (1-0)  band  ({Young 
and  Eachus  (1966) ,  and  obtain  the  results  in  Table  3  by  proportion. 


TABLE  3 

Spontaneous  Emission  Lifetimes  of 
Tnird  Harmonic  IR  Bands  of  CO 


Band 

Tspont 

(3-0) 

300 

sec 

(4-1) 

75 

fl 

(5-2) 

30 

II 

(6-3) 

15 

II 

(7-4) 

8.6 

n 

(8-5) 

5.3 

ii 

(9-6) 

3.6 

ii 
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It  would  probably  be  most  desirable  to  lase  in  the 
lower  P-branch  lines  of  the  (7-4)  band  for  ground-based 
applications.  The  atmospheric  absorption  is  quite  weak  there, 
and  the  spontaneous  lifetime  of  about  9  sec  for  this  band  is 
no  longer  than  in  existing  satisfactory  lasers. 

If  the  trigger  section  of  the  transformer  assembly 
does  not  provide  a  trigger  wave  at  any  of  the  exact  wave- 
numbers  of  the  atmospheric  absorption  lines  —  perhaps 
because  a  chamber  of  concentrated  CH4 ,  H20,  and  C02  vapors 
within  its  cavity  prevents  lasing  build-up  at  these  wave- 
numbers  —  then  these  locations  will  not  be  stimulated  in  the 
amplifying  section  and  the  transformer  output  beam  energy 
will  not  be  absorbable  in  the  main  parts  of  any  of  the 
spectrum  lines  of  the  atmosphere. 

2.4  Collisional  Energy  Transfers 

Carbon  monoxide  molecules  initially  in  some  of  the 
rotational  levels  of  (v*0)  will  absorb  the  Er  glass  laser 
light  and  be  raised  to  corresponding  rotational  levels  of 
(v=3) .  Thus,  Table  4  shows  that  if  the  Er  laser  spectrum 
employed  overlaps  merely  the  R ( 6 )  to  R(2)  lines  near 
6370  cm”\  a*>out  64%  of  the  molecules  in  (v*0)  at  any  instant 
in  which  Boltzmann  rotational  equilibrium  obtains  will  be  in 
a  position  to  absorb  the  pump  light.  Molecular  collisions 
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TABLE  4 


Distribution  of  the  population  of  CO‘X  molecules 
in  (v*0)  among  the  rotational  levels  of  that 
vibration  state  when  the  gas  is  in  rotational 
thermal  equilibrium  at  100°K,  (calculated  from 
the  standard  formulas, as  quoted  by  Her2berg  (1950) , 
for  example . ) 


0 

2.74% 

1 

7.79% 

2 

11.6 

3 

13.8  % 

4 

14.2  % 

5 

13.2  % 

6 

11.2  %_, 

7 

8.73% 

8 

6.36% 

9 

4.32% 

10 

2.74% 

11 

1.63% 

12 

0.91% 

13 

0.48% 

14 

0.24% 

15 

0.11% 

16 

0.049% 

17 

0.020% 

18 

0.003% 

These  sum  to 
64%  of  total 
molecules  in  (v  «  0) 
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will  tend  to  maintain  as  close  as  possible  to  a  Boltzmann 

rotational  equilibrium  in  both  (v»0)  and  (v*3)  at  all 

times  —  since  a  carbon  monoxide  molecule  in  CO  at  100  atm 

1 2 

and  100°K  experiences  about  1.1  x  10  collisions  per  sec 
(Gaydon  and  Wolf hard,  1960) ,  and  it  is  well  established  that 
practically  every  collision  in  CO  causes  changes  in  the 
rotational  quantum  numbers.  (See,  for  example,  Herzf eld 
and  Litovitz,  1959) . 

As  soon  as  an  important  fraction  of  the  molecules 
have  been  moved  up  to  (v=3)  by  intense  pumping,  some  of  the 
collisions  will  begin  to  cause  "vibrational  exchange"  of 
excitation  energy  between  colliding  molecules.  Thus,  two 
(v=3)  molecules  may  sometimes  emerge  from  a  collision  as  one 
(v*2)  molecule  and  one  (v=-4)  molecule,  having  transferred 
a  vibrational  quantum  of  energy  from  one  of  the  molecules 
to  the  other.  In  this  fashion  the  entire  vibrational 
ladder  will  eventually  get  filled  up,  with  the  relative 
population  distribution  following  fairly  close  to  a  general 
Boltzmann  type  of  curve.  This  will  approximately  follow  a 
formula  in  which  the  average  number  of  vibrational  quanta 
present  in  the  vapor  per  molecule,  v,  will  replace  the 
expression  kT  in  the  usual  Boltzmann  exponential  equation 
(Shuler,  1960). 


20 


The  probability  of  such  vibrational  exchanges  upon 


collision  depends  on  temperature  and  on  the  energy  discrepancy 
between  the  different  transitions  made  by  the  two  colliding 
molecules.  Table  1  shows  that  a  CO*X  molecule  dropping  from 
(v=3)  to  (v=2)  will  lose  about  2091  cm"^  of  vibrational  energy, 
while  the  other  molecule  upon  rising  from  (v=3)  to  (v=4) 
will  take  up  only  about  2064  cm  ^  of  vibrational  energy. 

The  difference  will  go  into  translational  energy.  The  mag¬ 
nitude  of  the  energy  discrepancy  AE  cannot  be  fixed  precisely, 
since  one  cannot  tell  what  changes  in  rotational  energy  may 
also  be  occurring  in  the  same  collision,  but  the  rotational 
steps  are  always  fairly  small.  Callear  (1962)  surveyed  the 
experimental  and  theoretical  evidence  on  such  exchanges  in 
small  diatomic  molecules  and  decided  that  at  room  temperature 
one  in  every  1,000  to  10,000  collisions  produces  such  an 
exchange  of  Av  =  ±  1  whenever  the  vibrational  contribution 
to  AE  is  less  than  about  100  cm  and  the  rotational  con¬ 
tribution  to  AE  is  not  large.  (Exchanges  with  greater  Av 
than  ±1  are  more  rare  at  every  temperature  and  every  region 
of  AE.)  From  the  theory  of  Schwartz,  Slawsky.and  Herzfeld 
(1952)  —  a  classic  paper  which  is  customarily  referred  to 
as  SSH  —  the  probability  of  the  process  should  be  approximately 
proportional  to  the  absolute  temperature.  Therefore,  at 
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100°K  at  least  Z  ■  15,000  collisions  might  be  required  per 
exchange  process. 

With  the  collision  rate  between  all  kinds  of  CO 
molecules  being  around  10  under  the  conditions  considered 
here,  it  follows  that  molecules  will  certainly  be  spread 
over  many  vibrational  levels  within  less  than  a  usee  after 
the  first  considerable  number  have  been  pumped  up  to  (v=3) . 
However,  the  very  high  levels  will  still  remain  sparsely 
populated  in  a  Boltzmann  distribution,  unless  intense 
pumping  is  continued  without  any  lasing.  If  molecules 
are  being  lased  downward  from  (v=7)  just  as  rapidly  as  they 
are  being  pumped  upward  from  (v=0) ,  the  equilibrium  vibra¬ 
tional  distribution  at  all  but  the  most  extreme  power  levels 
would  doubtless  contain  negligible  populations  above  about 
(v«20) ,  say. 

Simple  arithmetic  applied  to  the  rotational  and 
vibrational  distributions  will  show  that  inversion  occurs 
for  high  members  of  the  P-branch  of  the  (7-4)  band,  for 
example,  long  before  the  pumping  transitions  in  the  re¬ 
branch  of  (3-0)  have  been  saturated.  Conditions  suitable 
for  lasing  can  thus  be  attained  by  strong  Er  glass  laser 
pumping.  The  pump-collide-lase-collide-pump  cycle  may  be 
traversed  by  a  given  molecule  repeatedly  in  the  course  of 
a  1  ms  pulse,  and  this  cycl«.  is  the  basis  of  the  transformer 
laser  concept  being  studied  under  this  contract. 
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2 . 5  Resistance  of  CO  to  Waste  Heat  Production 

The  rotation-shifting  collisions  and  the  vibration¬ 
exchanging  collisions  discussed  in  the  last  section  will  always 
involve  transferring  very  small  amounts  of  energy  both  into  and 
out  of  the  translational  energy  reservoir  of  the  system  —  the 
sensible  heat  content  whicn  determines  the  gas  density  behavior. 
However,  preliminary  analysis  indicates  that  a  good  energy 
balance  may  be  maintained  in  this  respect,  so  that  two  types 
of  collisions  will  not  produce  appreciable  net  waste  heat. 

A  different  type  of  collision,  which  is  to  be  strongly 
avoided  in  this  transformer  design,  is  one  which  causes  vibration 
to-translation  relaxation.  Then,  a  whole  vibrational  quantum 
would  be  immediately  converted  to  sensible  heat.  The  great¬ 
est  reason  for  special  interest  in  CO  laser  transformers  is 
that  this  type  of  collision  is  very  rare  in  carbon  monoxide, 
particularly  at  low  temperatures.  If  be  defined  as  the 
time  for  one  eth  of  a  quantity  of  vibrational  energy  to 
degrade  to  translational  energy  by  collisions  in  a  gas  at 

1  atm  pressure,  the  SSH  paper  showed  theoretically  that, 

-1/3 

for  any  choice  of  gas,  log  t^~T  high  absolute 

temperatures.  At  lower  temperatures  a  curve  of  logTa  vs. 

would  be  expected  to  have  a  decreasing  slope  away  from 
the  straight  line.  At  other  pressures  than  1  atm,  should 
be  inversely  proportional  to  P .  Dickens  and  Ripamonti  (1961) 
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collected  data  for  a  wide  variety  of  molecular  types  and  showed 
that  SSH  theory  was  quite  well  validated.  Millikan  and  White 
(1963a)  were  also  able  to  systematize  a  mass  of  experimental 
data  with  this  one  relation. 

In  the  case  of  CO,  Hooker  and  Millikan  (1963)  dis¬ 
played  a  large  amount  of  data  which  fit  the  high  temperature 
SSH  curve  very  nicely,  as  shown  by  Figure  3.  When  the 
straight  line  is  extrapolated  at  decreasing  slope  through 
the  recent  room  temperature  values  of  =  0.8  sec  from 
Ferguson  and  Read  (1965)  and  >  0.2  sec  from  Millikan 
(1963) ,  a  very  reasonable  value  for  for  CO  at  100°K 
should  be  about  3  sec.  It  may  be  noted  that  experimental 
measurements  of  t  for  CO  are  customarily  found  to  be  in 

a 

error  on  the  low  side,  if  any,  rather  than  being  too  high 
—  because  it  is  hard  to  keep  out  impurities  which  relax 
much  faster  than  CO.  (See  the  survey  of  this  matter  by 
Cottrell  and  McCoubrey.  1961.) 

At  a  pressure  of  100  atm  this  would  mean  a  vib- 
ration-to-translation  relaxation  time  of  about  30  ms. 

The  vibrational  steps  of  CO  are  so  large,  ^2100  cm 
that  in  practically  all  the  experiments  which  were  used  in 
drawing  the  SSH  curve  for  this  molecule  only  (v=l)  and  (v=0) 
hacl  any  appreciable  population.  That  is,  the  experimental 
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Fiqure  3.  Vi brati on-to-transl ation  energy  relaxation  time  at  one  atmosphere  pressure  fo> 
diagram  is  adapted  from  Hooker  and  Millikan  (1963b)  with  dashed  line  extrapol. 
sent  author  to  pass  through  the  room  temperature  data  points  of  Millikan  [ i 
Ferquson  and  Read  (1965)  (vertical  arrow). 


relaxation  time  called  was  actually  more  nearly  the  time 
t for  simply  dropping  down  out  of  the  (v«l)  level. 

Such  a  process  would  then  occur  in  only  one  out  of  about 
3  x  10^  collisions  under  the  conditions  considered  here. 

According  to  SSH  theory,  collisional  jumps  of 
Av  =  1  should  be  more  frequent  among  the  higher  vibrational 
levels,  with  the  probability  increasing  roughly  in  a  pro¬ 
portion  to  v.  Tn  a  heavily  pumped  gas  with  high  steps  on 
the  ladder  populated  by  the  vibrational  exchange  collisions 
which  are  expected  in  the  transformer  laser,  one  should 
inquire  how  high  the  molecules  could  climb  before  appreciable 
vibration-to-translation  heat  would  appear  because  of  high 
level  collisions,  within  the  time  scale  of  a  1  ms  pulse. 

If  under  the  proposed  conditions  t^q-^30  ms, then  T30^2g 
would  be  about  1  ms.  It  would  therefore  seem  that  this 
transformer  laser  would  not  develop  appreciable  waste  heat 
from  such  a  cause  until  extremely  high  output  energy  density 
levels  were  reached. 

2 . 6  The  Molecular  Heat  Balance 

Another  important  point  regarding  the  sensible  heat 
balance  for  any  laser  transformer  design  involves  the  inevitable 
discrepancy  between  the  quantum  energy  of  -he  pumping  input 
and  the  quantum  energy  of  the  lasing  output  —  the  latter 
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always  being  smaller  since,  as  was  demonstrated  in  report 
GPL  A-31-2,  inversion  will  occur  only  in  transitions  lying 
on  the  long  wavelength  side  of  the  pumping  transition. 

In  the  CO-Er  case,  if  we  pump  near  the  R(4)  line  of  th° 
(3-0)  band  at  about  6370  cm’1  and  lase  near  the  P ( 4 )  line 
of  (7-4)  near  6020  cm  1,  theri  is  a  350  cm’1  energy  dis¬ 
crepancy  (or  5.5%  of  the  input  energy)  which  is  left  behind 
in  the  gas  for  each  output  quantum  emitted. 


The  most  obvious  way  to  balance  this  out  is  by  adjust¬ 
ment  of  the  ratio  between  the  output  beam  intensity  and  the 
fluoreaoenoe  loss  rate  from  the  vapor  —  through  variation 
of  the  trigger  flux  intensity.  The  strongest  fluorescence 
will  always  come  from  the  Av  *»  -  1  series  of  transitions, 
since  TSp0nt  M  33  ms  for  the  (1-0)  band  and  decreases  approxi¬ 
mately  in  inverse  proportion  to  v  in  such  a  series,  reach¬ 
ing  about  1  ms  near  the  (30-29)  band. 


Each  emergent  fluorescent  quantum  of  a  line  near 
the  center  of  the  (1-0)  band,  for  example,  will  carry  away 
about  2150  cm  1  of  energy,  or  more  than  enough  to  compensate 
for  the  input-output  discrepancy  of  six  output  quanta.  When 
the  fluorescence  loss  from  the  vapor  equals  5.5%  of  the 
pumping  input,  no  net  sensible  heat  will  be  left  behind 
in  the  vapor  during  the  pulse  from  these  processes.  A  planned 
efficiency  loss  for  the  entire  system  of  5.5%  for  this  cause 
is  not  excessive. 
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It  may  be  noted  that  radiation  trapping  will  not 
slow  down  the  escape  from  the  vapor  volume  of  fluorescence 
from  the  P-branch  lines  of  the  Av»-1  bands.  These  will  be 
inverted  whenever  the  P-branch  of  the  Av--3  bands  are  in  a 
lasing  condition,  and  so  will  actually  be  superradiant. 

One  other  point  on  a  slightly  different  subject: 
preliminary  calculations  show  that  no  more  than  about  1% 

of  the  total  expected  input  pump  energy  during  a  pulse  will 

have  gone  into  the  initial  process  of  filling  up  the 

vibrational  ladder  population,  at  the  time  when  strong 

inversion  first  appears  in  the  P-branch  of  (7-4)  .  Such 

a  1%  efficiency  loss  to  the  system  from  this  cause  can  a) so 
% 

be  tolerated.  The  figure  also  indicates  that  not  too  much 
engineering  trouble  will  be  experienced  in  recirculating 
the  gas  and  dumping  this  vibrationally  stored  energy  into  a 
heat  exchanqer,  when  it  has  converted  itself  into  sensible 
heat  through  relaxing  collisions  long  after  the  pulse  is 
over . 

The  next  section  now  shifts  to  a  brief  consideration 
of  a  polyatomio  molecular  gas  medium,  where  the  vibrational 
relaxation  process  is  probably  far  less  favorable  than  with 
CO. 
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3.  POLYATOMIC  MOLECULES  IN  IR  TRANSFORMERS 

The  studies  in  this  report  series  so  far  have  been  concerned 
with  diatomic  molecules  as  vapor  media  for  transformer  lasers. 

One  of  the  simplest  of  the  polyatomic  possibilities  will  now 
be  discussed. 

3.1  The  HCN-Er  Glass  Possibility 

As  mentioned  before,  the  laser  emission  wavelength 
observed  by  Snitzer  and  Woodcook  (1965)  for  erbium  in  a  typical 
glass  at  room  temperature  is  1.5426u,  which  is  6480.8  cm  \ 

This  is  very  close  to  the  P(12)  line  of  the  (002  -  000)  rotation- 
vibration  absorption  band  of  the  HCN  molecule,  as  may  be  cal¬ 
culated  from  the  measurements  o ft  Rank,  Guenther,  Shearer,  and 
Wiggins  (1957) .  Exact  coincidence  could  easily  be  obtained 
by  pressurizing  the  HCN  at  about  2  atm  to  broaden  its  lines, 
as  shown  by  the  data  of  Pigott  and  Rank  (1957) ,  or  by  changing 
the  Er  laser  temperature  or  the  glass  composition. 

This  1.5g  absorption  band  is  the  second  harmonic 
of  the  fundamental  vibration  of  HCN,  whose  frequency 
corresponds  to  3312  cm”1.  Rank,  Skorinko,  Eastman. and  Wiggins 
(1960) .  if  this  were  the  single  vibration  frequency  of  a  diatomic 
molecule,  it  would  be  highly  resistant  to  collisional  vibration- 
to-translation  relaxation  at  usual  tempera turen  as  is  CO.  How¬ 
ever,  as  Rice  (1964)  remarks,  in  polyatomic  molecules  there  is 
"little  evidenco  of  any  hindrance  to  the  free  transfer  of  energy 
among  all  the  vibrations".  The  HCN  vibration  of  lowest  energy 
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is  one  of  the  components  of  v ^  near  714  cm  \  In  a  possibly 
comparable  case*  Yardley  and  Moore  (1966)  found  that  a  CH^  mole¬ 
cule  excited  to  its  3018  cm-1  vibrational  level  transferred, 
probably  by  vibrational  exchange  processes,  to  its  1306  cm  1 
vibrational  mode  after  or.ly  60  collisions  of  CH^  against  CH^. 

If  the  transformer  medium  were  to  consist  of  HCN 
gas  only  somewhat  above  room  temperature  (the  boiling  point  is 
26°C)  ,  kT  would  be  as  large  as  about  250  cm  Vibration-to- 
trar.slation  relaxation  from  the  714  cm  1  level  would  then  have 
a  fairly  high  probability.  Molecular  vibration  states  only 
become  relatively  immune  to  collisional  relaxation  when  the 
energy  to  be  transferred  is  many  times  kT,as  is  described  by 
the  SSH  theory  and  found  experimentally.  Any  major  amount  of 
sensible  heat  developed  in  the  gas  during  the  power  pulse  by 
a  relaxation  process  would  cause  serious  deterioration  of  the 
optical  quality  of  the  transformer  medium. 

One  might  consider  dropping  the  vapor  temperature 
to  about  -50°C ,  where  kT  is  about  150  cm"1.  The  relaxation 
rate  from  the  714  cm-1  HCN  vibrational  level  would  then  be 
much  reduced.  However,  at  such  a  temperature  the 

saturated  pressure  of  HCN  vapor  over  the  solid  is  only  about 
1  cm  Hg , and  since  the  P(12)  line  originates  from  a  rotational 
level  about  245  cm"1  above  the  ground,  not  many  molecules  would 

*  Although,  sec  the  data  on  one  level  of  CO2  in  the  next  section, 
for  which  vibrational  transfer  is  very  much  slower  than  in  CH4 
and  most  other  hydrogenic  molecules. 
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be  available  to  absorb  the  pump  light, in  contrast  to  the  100  atm 
CO  case  of  the  last  soctior. .  Since  the  spontaneous  lifetime  of  this 
HCN  band  is  also  probably  as  long  as  a  few  seconds,  attainment 
of  high  transformer  pulse  energy  densities  would  seem  to  require 
excessive  pumping  and  lasing  radiation  fluxes. 

The  situation  is  rendered  even  more  doubtful  by  the 
existence  of  various  polymers  in  HCN  gas  everywhere  below  about 
400°C.  Thun,  Felsing  and  Drake  (1936)  found  that  near  room  tem¬ 
perature  the  HCN  vapor  pressure  curve  departed  from  that  expected 
for  an  ideal  monomer  gas  by  about  7%.  Simple  dimers  are  probably 
occurring,  but  Pauling  (1960)  has  shown  that  (HCN)3  should  be 
even  more  stable  than  (HCN)2,  and  there  has  been  considerable 
speculation  that  the  tetramer  may  also  be  present  —  as  a  square 
ring  configuration.  By  comparison  with  the  vibrational  fre¬ 
quencies  of  other  complex  molecules  (see, for  example,  Amer.  Inst. 
of  Phys.  "Handbook  of  Physics"),  it  seems  likely  that  all  of 
these  polymers  would  have  at  least  one  vibrational  energy  level 
as  low  as  300  cm  ^  or  less,  and  so  be  very  susceptible  to 
collisions  producing  waste  heat. 

3 . 2  The  Polyatomic  Situation  in  General 

The  above  notes  have  by  no  means  really  disposed  of 
HCN-Er  as  a  transformer  laser  combination.  They  merely  point 
up  some  of  the  intricate  questions  which  will  be  involved  with 
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any  polyatomic  molecules.  A  considerable  amount  of  analysis 
and,  of  course,  experimentation  will  be  required  to  find  out 
whether  there  is  some  molecule  where  vibration-to-translation 
relaxation,  for  example,  will  not  be  a  problem. 

Also,  the  contract  work  so  far  has  dealt  solely 
with  the  use  of  1  ms  pumping  and  lasing  pulses.  The  applica¬ 
tions  for  such  a  device  do  not  exhaust  the  field.  For  applica¬ 
tions  which  demand  a  lysec  pulse  or  shorter,  compromises  might 
be  made  in  the  various  parameters  so  that  the  relaxation  heat 
did  not  get  into  the  translational  form  until  after  the  pulse 
was  over.  After  the  pulse  the  optical  quality  of  the  medium 
is  of  no  importance,  and  the  gas  can  simply  be  circulated 
through  a  heat  exchanger  and  fresh  isothermal  gas  brought 
in  for  the  next  pulse. 

The  possible  use  of  an  additive  molecule  in  the  gas 
medium,  with  which  a  simultaneous  compensating  molecular  re¬ 
frigeration  process  might  be  carried  on,  by  means  of  an  auxiliary 
laser  pump,  is  another  field  which  has  not  been  explored. 

It  is  sometimes  mentioned  that  the  COj  gas  laser 
now  operates  nicely  with  a  polyatomic  molecule;  and  in  fact  with 
pure  C02  the  output  power  is  actually  limited  by  the  alowneaa 
of  relaxation  of. the  lowest  vibrational  level  —  so  much  so  that 
HjO  is  often  added  to  cause  more  frequent  relaxing-  collisions. 
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However ,  this  medium  is  being  operated  at  low  pressure.  If 
operated  at  pressures  greater  than  1  atm,  as  would  be  necessary 
for  large  enough  populations  to  reach  a  high  transformer  energy 
pulse  density  range,  the  C02  relaxation  rate  would  indeed 
produce  too  much  sensible  heat  per  millisecond  to  be  tolerated. 
Thus,  Wltteman  (1962)  found  from  experiments  that  about  5  x  10* 
collisions  in  pure  C02  near  room  temperature  are  needed  to 
relax  the  vibrational  energy  to  translation  from  a  group  of 
molecules  placed  in  the  first  \>2  level  of  C02,  which  is  the 
lower  level  of  the  lasing  transition.  And  Herzfeld  (1962) 
calculated  theoretically  that  about  1.3  x  105  collisions  at 
300°K  would  suffice  to  relax  molecules  from  the  first 
level,  which  is  the  upper  level  of  the  lasing  transition. 
Slobodskaya  (1948)  measured  6  x  10*  collisions  for  the  latter 
figure, and  Hurle  and  Gaydon  (1959)  found  8  x  10*,  although 
both  experiments  are  open  to  some  question.  These  numbers 
are  to  be  compared  with  the  10' collisions  whi<;h  a  C02  molecule 
in  pure  gas  at  15°C  and  1  atm  pressure  experiences  each  milli¬ 
second  (Kennard,  1938) . 
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4 .  NOTES  ON  THE  Na^-RUBY  TRANSFORMER  COMBINATION 

Previous  to  the  initiation  of  the  present  contract,  GPL 
Division  with  its  own  funds  carried  out  considerable  analysis 
of  the  possibilities  for  a  sodium  vapor  laser  transformer 
pumped  in  the  Na2* (A-X)  band  system  by  a  battery  of  ruby  pri¬ 
mary  lasers.  The  sodium  vapor  would  be  saturated  at  500°C 
in  20  atm  of  He.  A  small  amount  of  the  information  developed 
has  been  somewhat  codified  under  this  contract  and  is  presented 
here  for  general  information.  The  analysis, as  based  on  all 
experimental  information  so  far  available  in  the  scientific 
literature, indicates  considerable  likelihood  that  this  com¬ 
bination  could  yield  a  very  high  power  output  beam  in  the  range 
70008-80008,  with  good  optical  quality.  However,  experimental 
checking  at  this  laboratory  of  some  of  the  still  unknown  factors 
in  the  behavior  of  sodium  vapor  under  intense  irradiation  is  not 
yet  underway  at  this  date. 

4 . 1  Location  of  the  (A-X)  System  and  of  Its  Neighbors 
The  red  band  system  Na2 • (A-X),  which  his  been  kno  n 
for  almost  100  years,  lies  in  the  range  from  around  55008  to 
815o8,  or  from  the  vicinity  of  18,200  cnT*  to  12,300  cm"*, 
being  rather  sharply  bounded  on  both  sides.  It  is  a  simple 
system  with  each  band  having  one  P  and  one  R  branch, 

degraded  to  the  red,  with  a  single  head  in  tha  R  branch  very 

* 

near  the  origin. 

*Loomis  and  Nile  (1928)  give  reasons  to  expect  the  bands  to 
change  appearance  and  degrade  to  the  violet  near  8000A,but 
no  rotational  structure  near  this  infrared  edge  has  yet  been 
resolved. 
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The  molecular  constants  are  C'  inpiled  in  the  Herzberg  (195C) 


book.  With  the  usual  formulas,  these  constants  should  permit 
calculation  of  the  wavenumber  of  any  line  in  the  known  system. 
However,  for  very  few  of  the  bands  have  many  rotation  line  positions 
actually  been  measured  with  much  precision. 

It  has  long  been  known  that  various  individual 
rotation  lines  spread  periodically  throughout  this  system  are 
associated  with  rotation  of  the  plane  of  polarization  of  a  light 
beam  traversing  the  vapor  at  wavelengths  immediately  adjacent  to 
them,  when  the  vapor  is  in  a  strong  magnetic  f^eld.  Several 
suggestions  were  made  that  this  ^magnetic  rotation  spectrum" 
could  be  due  to  perturbations  of  certain  of  the  upper  rotational 
levels,  arising  from  periodic  close  coincidences  with  the  rotational 
levels  of  another  otherwise  invisible  state  threading  through 
Na2*A.  This  explanation  was  finally  elaborated  in  some  detail 
by  Carroll  (1937) .  A  triplet  electronic  state  (a^ng+)  lying 
somewhat  below  state  A  has  been  indicated  as  the  probable  source 
of  the  perturbation.  The  selection  rule  forbidding  single¬ 
triplet  transitions  in  light  molecules  prevents  observation  in 

absorption  of  either  this  state  or  the  other  multiplet  com- 
3  3  3 

ponents  11^-,  JI^u,  and  Jl2u  which  must  lie  adjacent  to  it. 

The  individual  perturbed  levels  would  doubtless  show  small 
wavenumber  shifts  from  their  simple  formula  positions,  but 
these  have  not  yet  been  measured.  From  the  effect  upon 


state  A,  molecular  constants  were  deduced  by  Carroll  for  the 
state  (a3n0+)  as  «g^!45  cnf1  and  B^O.140  cm-1. 

Figure  4  displays  the  available  information*  on  the  potential 
energy  curves,  etc.,  as  well  as  some  additional  speculations. 


'•'Sources  of  data  for  Figure  4  in  addition  to  the  compilation  in 
Herzberg's  book,  are  the  following: 

State  X  potential  curve  -  solid  line:  Davies,  Mason,  and  Munn  (1965) 

.  "  -  dashed  line:  Singh  and  Rai  (1965) - - - 

States  A,  B,  and  C  potential  curves  -  solid  line:  Singh  and  Rai 

A  and  B  "  "  dashed  line:  King  and  Van  Vleck  (1939) 

X,A,  and  C  "  -  lines  of  circles:  Extrapolations 

by  the  present  writer.  Singh  and  Rai,  and  Barrow,  Travia.and 
Wright  (1960) ,  diagree  on  the  dissociation  limit  for  state  C. 

State  X  dissociation  energy:  Barrow  (1961) 

Lower  state  3Z$  potential  curve!  Davies,  Mason,  and  Munn. 

Atomic  level  separations:  Moore  (1949) 

States  3IIU,  Ing»  3-u>  and  arising  from  (3s  +  3p)  : 

Curves  Sketched  roughly  from  the  schematically  suggested 
curves  of  Mulliken  (1932)  .  There  is  a  certain  amount  of  evidence 
deducible  from  experiment  that  the  labels  3 Eg  and  3z$  might  well 
be  interchanged,  but  Mulliken ’s  assignments  seem  more  reasonable 
from  the  theoretical  viewpoint. 

Energy  and  classification  of  state  E:  Barrow,  Travis  and  Wright. 

Energy  levels  of  states  D,  E,and  F  are  known,  but  the  potential 

curves  shown  are  merely  sketched  schematically  by  the  present 
writer. 

The  dashed  line  curves  for  all  other  states  derived  from  (3s+4s) , 

(3s+3d) ,  and  (3s+4p)  are  likewise  merely  schematic  sketches. 

The  dashed  curve  shown  for  the  state  !Zg  has  been  somewhat 

arbitrarily  drawn  parallel  to  the  lower  3EU  repulsive  curve. 

However,  this  places  three  ^Eg  states  with  curves  near  the 
region  3.5a  and  28,000  cm"!,  and  they  will  probably  interact 
with  each  other.  The  lines  of  circles  indicate  a  possible 
"repulsion"  between  those  states,  which  will  mix  their 
properties,  as  suggested  by  Prof.  D.R.  Herschbach,  a  Con¬ 
sultant  for  this  contract. 

Population  distributions  for  vibrational  levels  of  states  X  and  A 
in  Boltzmann  equilibrium  at  500°C  shown  at  lower  left  were 


calculated  by  the  usual  formula  from  the  known  level  locations. 

The  line  of  crosses  is  plotted  at  14,4-00  cm"1  above  the  state  A 

curve  to  show  the  first  effect  of  absorption  of  a  second  ruby 
laser  light  quantum  by  a  Na2  molecule  which  had  already  been 
pumped  up  to  state  A. 

The  line  of  crosses  plotted  at  (X-i-16,960  cm-1)  shows  the  first 

effect  of  atomic  D  line  absorption  by  a  ground  state  molecule. 

The  region  labelled  "IR  head  of  heads"  indicates  the  probable 

range  of  closest  approach  of  the  X  and  A  curves,  which  would 
produce  the  fairly  sharp  edge  of  the  (A-X)  system  observed 
near  12,300  cm~l  by  Loomis  and  Nile  (1928). 
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The  (B-X)  band  system  lies  in  the  blue-green  region, 
^4450S  to  ^55008,  or  ^22,500  cm"1  to  ^18,200  cm"1.  It  has 
been  investigated  by  numerous  workers.  Some  6000  lines  are 
observable  in  this  system. 

The  ultraviolet  absorption  band  systems  (C-X) ,  (D-X) , 
and  higher, have  been  analyzed  as  to  vibrational  structure,  but 
their  assignment  to  the  various  dissociation  limits  is  uncertain. 

4 . 2  Calculated  Band  Origins  for  (A-X) 

Table  5  gives  a  few  experimental  relat: /e  intensity 
estimates  and  lists  the  wavenumbers  of  band  origins  of  the 
(A-X)  system,  as  calculated  from  the  molecular  constants  quoted 
by  Hfe-zberg,  for  all  bands  detected  wholly  or  partly,  either 
in  absorption  or  emission  or  by  their  magnetic  rotation  effects, 
by  Wood  and  Galt  (1911)  with  identifications  from  Uchida  (1932) , 
by  Fredrickson  and  Wat3on  (1927) :,  and/or  by  Fredrickson  and 
Stannard  (1933) .  The  many  other  magnetic  rotation  lines  measured 
by  Wood  and  Hackett  (1909)  doubtless  belong  to  a  number  of 
additional  bands  in  the  17,000  -  14,000  cm"1  region,  but  their 
quantum  numbers  have  not  yet  been  identified.  A  further 
unresolved  band  group  near  12,500  cm"1  was  recorded  in  emission 
by  Hair..- da  (1933)  . 

Wavenumbers  of  all  band  heads  will  be  about  1-2  cm 
greater  than  those  of  the  band  origins  listed  in  Table  5. 


Table  5 


CALCULATED  WAVENUMBERS  Of  ORIGINS  FOR  ALL  OBSERVED  (A-X)  BANDS  Of  No-, 
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14037.5 
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WG 
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WG 

WG 
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WG 

WG 

WG 

WG 

WG 
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16856 
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WG 

WG 

WG 

WG 
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WG 

WG 

WG 

WG 

WG 

WG 
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16322 

WG 
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13001.1 

12 

12867,4 
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14 
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20  21  22 

2 

13125.0 

12984.3 

12845.3 

12572.4 

2 

13241.0 

13100.3 

12961.3 

5 

13215.6 

13076.6 

12939.3 

12803.7 

12669.8 

12537.6 

13470.9 

12918.3 

12784.4 

12521.7 

12898.2 

12766.0 

12506.8 

13145.1 

13011.2 

12619.8 

13123.5 

12991.3 

12860.8 

13102.8 

12843.6 

13083.1 

12954.4 

12702.2 

13302.3 
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NOTES:  (1)  Digits  in  parentheses  below  wavenumber  entries  are 

eye  estimates  of  relative  band  intensities  by  Fredrickson  and 
Watson  (1927)  from  their  photographic  plates  of  absorption  at 
fairly  low  temperature.  (2)  Entries  without  any  notation  are 
additional  bands  seen  by  Fredrickson  and  Stannard  (1933)  at  some¬ 
what  higher  temperature,  in  absorption  and/or  through  magnetic 
rotation  effects.  (3)  Portions  of  unresolved  band  groups  near 
some  or  all  of  the  spectrum  locations  labelled  WG  were  seen  by 
Wood  and  Galt  (1911),  and  by  several  others,  in  emission  from 


in  emission  from  a 


Beutle ' ,  Bcj 

dany 

■,  and  Polvani  (1926) 

reaction,  fl 

!chid 

la  (1932)  identified 

mately,  up  to  16,970  cm*1.  Higher  WG  wavenumbers  indicate 
approximate  quantum  number  assignments  to  Wood  and  Galt's 
groups  by  the  present  writer  in  analogy  with  Uchida's  work. 

(4)  Scattered  lines  seen  in  the  magnetic  rotation  spectrum  by 
Wood  and  Hackett (1909)  doubtless  belonq  to  numerous  additional 
bands  in  the  17 , 006-14 , 000  cm*1  region,  but  their  quantum  numbers 
have  not  yet  been  assigned.  (5)  Loomis  and  Nile  (1928)  found 
strong  absorption  at  wavenumbers  as  large  as  18,200  cm*1  with 
dense  columns  of  vapor.  (6)  Loomis  and  Nile  mentioned,  and 
Hynada  (1933)  recorded,  an  unresolved  group  of  bands  near 
11,50(J  cm*1  in  the  emission  from  a  discharge  which  probably 


arise  from  about 


J 

L> 
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Figure  5  is  a  Franck-Condon  diagram  for  the  (A-X) 
system.  To  each  band  head  corresponding  to  an  entry  in  Table 
5  there  has  been  added  a  tail  arbitrarily  stretching  200  cm  1 
toward  smaller  wavenumbers  in  the  diagram.  (Noto  that  in  this 
method  of  plotting  the  Franck-Condon  diagram  any  line  drawn 
downward  from  left  to  right  at  a  45°  angle  is  a  line  of  constant 
wavenumber) .  Actually,  as  discussed  in  report  GPL-A-31-3,  the 
position  within  each  band  where  absorption  lines  in  sodium  vapor 
at  500°C  have  about  1%  of  the  intensity  of  the  strongest  lines 
of  the  band  will  lie  as  much  as  660  cm"1  away  from  the  head. 
There  will, therefore,  be  many  experimental  situations  in  which 
overlapping  of  bands  will  be  even  more  extensive  than  Figure  5 
indicates. 

The  relative  population  percentages  listed  along  the 
axes  in  Figure  5  give  a  partial  indication  as  to  which  bands 
should  be  strongest  in  absorption  or  in  fluorescence  whenever 
one  is  dealing  with  vapor  in  vibrational  Boltzmann  equilibrium 
at  500°C  —  although  intensities  in  Na2  are  always  considerably 
affected  by  the  exact  degree  of  overlap  of  each  pair  of  level 
wave functions  involved  in  a  transition.  These  intensities 
are  likely  to  vary  markedly  among  adjacent  bands  originating 
from  the  same  initial  level. 
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(A-X)  band  system.  The  tails  degrading  to  the  red 
ere  as  200  cm-*  long.  Lines  of  observable  intensity 
distance  from  each  head,  under  most  typical 
e  also  shown  the  relative  population  densi  ties,  which 
vels,  if  those  molecules  in  state  X  and  those  in 
tzmann  vibrational  equilibrium  at  500°C. 


4 . 3  General  Remarks  on  Na^-Ruby 

As  may  be  seen  from  Figure  5,  ruby  lasers  could  be 
arranged  to  pump  into  the  absorption  lines  near  the  heads  of  the 
( 2 p 3)  and  the  (6,6)  bands,  of  which  the  former  would  be  the  more 
intense  at  500°C.  Weaker  transitions  of  a  number  of  other 
bands  would  also  be  pumped  simultaneously.  The  addition  of  20 
atm  He  to  the  system  provides  numerous  molecular  collisions  which 
will  continually  spread  the  molecules  over  the  rotation  levels  of 
both  the  upper  and  lower  vibrational  states, to  try  to  maintain 
Boltzmann  rotational  population  distributions  —  in  the  same 
fashion  as  described  in  detail  for  the  CN-Nd  transformer  com¬ 
bination  in  report  GPL  A-31-1  and  discussed  in  section  2  of  the 
present  report  for  CO-Er.  Just  as  for  these  combinations,  after 
intense  pumpiuy  strong  inversion  will  be  present  in  transitions 
whose  lines  lie  toward  longer  wavelengths  than  those  of  the 
pumped  transitions. 

Under  heavy  pumping  and  lasing  conditions,  the  mole¬ 
cules  will  be  carried  repeatedly  around  a  pump-collide-lase- 
collide-pump  cycle,  as  described  for  the  CN-Nd  transformer. 

Large  limiting  output  energy  densities  per  pulse,  at  good 
optical  quality  of  the  beam,  can  be  calculated  provided  about 
40%  of  the  Na2  molecules  can  be  maintained  in  the  Na2*A  level 
without  causing  too  much  energy  loss  which  would  create 
excessive  waste  heat  in  the  vapor  volume. 
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The  most  common  source  of  energy  loss  from  a  pumped 
upper  electronic  state  which  has  been  uncovered  in  the  various 
media  studied  under  this  contract  is  escalation  of  the  mole¬ 
cules  from  the  pumped  electronic  state  to  higher  excited  states. 
This  can  be  due  to  (a)  absorption  of  a  second  quantum  of  pump 
light  by  a  molecule  already  in  state  A,  or  (b)  the  type  of 
collision  of  two  molecules  in  state  A  which  drops  one  of  them 
to  the  ground  state  and  uses  the  released  energy  to  raise  the 
other  to  a  higher  excited  state. 

The  line  of  crosses  at  (A  +  14,400  cm  among  the 
potential  curves  of  Figure  4  shows  where  absorption  of  a  second 
quantum  of  Nd  pump  light  would  place  a  molecule  already  in  state 
A.  The  only  upper  states  which  selection  rules  would  permit  the 
molecule  to  reach  with  good  probability  are  the  two  suggested 
perturbed  states.  These  are  reasonably  stable  and  so  would 

not  lead  directly  to  waste  heat  production.  Only  absorption 
of  a  third  pump  quantum  to  some  of  the  very  high  repulsive 
states  could  seem  to  constitute  a  possibly  harmfi  1  heat  source. 
Absorption  of  a  second  quantum  to  the  one  available  repulsive 
^II  state,  followed  by  dissociation  of  the  molecule  with  the 
development  of  kinetic  energy  in  the  vapor,  would  have  a  low 
probability,  provided  its  curve  actually  is  located  as  shown 
in  Figure  4,  because  of  the  large  angle  at  which  the  two  curves 

cross . 
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The  possibilities  for  waste  heat  production  by  collision  between 
two  Naj'A  molecules  ara  considerably  more  difficult  to  assess,  but 
it  ia  probably  a  very  hopeful  circumstance  that  only  one  repulsive 
curve,  the  ^11^,  seems  likely  to  cross  the  (A  +  14,400  cm-1)  curve. 
This  region  is  probably  much  more  clear  of  repulsive  potential 

curves  than  the  corresponding  two-quantum  region  of  the  Cs2  energy 

* 

level  diagram.  One  can  only  conclude  that  experiments  are 
badly  needed  in  which  large  numbers  of  sodium  molecules  are 
placed  in  the  Na2*A  state. 

Most  of  the  remainder  of  this  report  will  deal  with 
the  Cs-Nd  transformer  laser  design.  Reference  is  made  to  the 
report  GPL-A-31-3  which  was  largely  concerned  with  an  estimation 
of  many  properties  of  cesium  vapor  and  of  the  Cs2  molecule. 

In  the  following  section  only  such  additional  properties  are 
discussed  which  bear  directly  on  problems  arising  in  the  recent 
laboratory  work  under  the  contract. 


•However,  it  should  be  kept  in  mind  that  chemical  reactions  are 
possible.  For  example,  the  processes  Na  +  Na2*A->-Na2*X  +  Na  or 

Na2*A  +  Na2*A-*Na2*X  +  2Na  are  enercreticallv  allowed  and  could 
occur  it  the  (unknown)  potential  energy  surfaces  for  the 
transient  polyatomic  systems  existing  during  collision  had  a 
suitable  form.  These  possible  chemical  processes  thus  might 
provide  other  ways  to  lose  the  Na2*A  excitation  and  to  trans¬ 
form  it  to  heat»  via  vibrational  or  rotational  excitation  of  the 
Nap*X  produced  and  relative  translational  motion  of  the  Na2*X 
ana  Na.  On  the  other  hand,  an  example  in  which  a  similar 
chemical  process  involving  the  Na2*B  state  is  energetically 
allowed  but  has  been  found  not  to  occur  is  discussed  in 
GPL  A-31-1 ,  pp.  100-105.  (D7TTT  Herschbach) 
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5.  SOME  PROPERTIES  OF  CESIUM  MOLECULES 


As  will  be  elaborated  in  the  experimental  sections  of  this 
report ,  irradiation  of  hot  cesium  vapor  with  a  beam  of  1.06p 
Nd  glass  laser  light  in  a  1ms  pulse  was  found  to  cause  an 
apparent  bleaching  of  the  absorbing  transitions  at  an  unexpectedly 
low  beam  intensity  level.  Numerous  possibilities  for  explanation 
of  this  behavior  could  be  suggested,  and  several  of  these  will  be 
discussed  in  connection  with  the  experiments  themselves.  How¬ 
ever,  in  this  section  some  information  will  be  collected  with  a 
particular  bearing  on  three  of  these  possibilities. 

(a)  There  might  be  fewer  diatomic  cesium  molecules 
actually  present  in  this  vapor  volume  than  would 

be  expected  from  previous  reports  in  the  literature. 
If  there  were  very  few  molecules  present  the 
transitions  would  be  easy  to  bleach. 

(b)  Molecules  present  at  the  expected  equilibrium 
concentration  at  the  beginning  of  a  pulse  might  be 
dissociated  early,  as  a  result  of  some  energy 
absorption  process,  and  then  the  recombination 
processes  in  the  vapor  might  not  proceed  fast 
enough  to  restore  the  equilibrium  concentration 
before  the  pulse  was  over. 
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<c)  Dissipative  processes  resulting  from  absorption  of 
light  early  in  the  pulse  might  be  creating  enough 
wast  heat  in  the  initially  saturated  vapor  that  this 
considerably  superheated  the  volume  to  such  a 
point  that  a  very  low  moleculai  concentration  would 
then  normally  be  expected  in  the  remainder  of  the 
pulse,  for  equilibrium  at  the  superheated  temperature 

and  pressure. 

\n  approximate  calculation  on  possibility  (b)  indicates  that  recovery 
times  of  loss  than  one  ^sec  will  probably  prevail.  An  investigation 
of  possibility  (a)  can  be  combined  with  a  survey  of  information  on  h 
probable  spontaneous  radiative  lifetime  of  a  molecule  in  the  excited 
Cs2-A  state,  as  described  in  the  following  section. 

5 . 1  Expected  Intensity  of  the  Cs^  (A-X)  Band  System 

Only  one  attempt  at  quantitative  measurement  of  the 
intensity  of  the  Cs2*  (A-X)  band  has  been  published  that  of  Wechsler 
(1966)  ,  at  Arthur  D.  Little,  Inc.,  who  carried  out  a  two  year  study 
of  the  absorption  bands  in  sodium,  potassium,  and  cesium  vapors  (all 
mixed  with  one  atom  of  argon)  ac  low  dispersion,  over  a  broad  range 
of  the  spectrum.  Lapp  and  Harris  (1966) ,  at  the  General  Electric 
Research  Laboratory,  similarly  measured  potassium  and  cesium  vapor 
absorption  in  the  visible  region,  where  their  results  agreed  with 
those  of  Wechsler  within  about  a  factor  of  three  (including  sub¬ 
stitution  of  other  noble  gases  as  the  additive  at  pressures  from 
0.05  atm  to  1.1  atm),  but  they  did  not  extend  their  cesium  studies 
into  the  infrared  as  far  as  the  (A-X)  band. 


46 


Wechsler  reduced  his  data  to  a  smoothed  molecular 
absorption  cross  section  curve  giving  o  in  (8)  extending  over 
each  of  his  experimental  wavelength  intervals.  The  calculation 
involved  the  assumption  of  curves  of  molecular  concentration  vs. 
temperature  which,  in  the  case  of  Na2  and  K2,  were  the  same  as  those 
presented  in  Figure  3  of  report  GPL-A-31-3.  However,  the  molecular 
concentration  curve  given  in  that  Figure  for  Cs2  lies  a  factor  of  1.4 
higher  than  the  one  assumed  by  Wechsler  —  although  it  may  be  questioned 
whether  the  difference  is  meaningful,  in  view  of  the  probable  uncer¬ 
tainty  by  a  factor  of  at  least  3  quoted  for  the  Cs2  curve  in  the 
Figure.  Table  6  lists  the  cross  sections  obtained  by  Wechsler  at  the 
strongest  parts  of  the  (B-X)  and  (A-X)  bands  for  each  of  the  three 
molecule,  with  his  Cs2  values  having  been  reduced  by  the  factor  1.4. 

The  relation  between  the  Einstein  coefficients  A 
and  B  for  spontaneous  emission  and  for  absorption,  respectively,  in 
a  given  transition  at  wavelength  X  is 


h 

? 


Table  6  shows  the  quantity  M  — 

Wechler's  data,  which  should  be 
taneous  emission  lifetimes  of  the  excited  molecular  states. 

GPL  Division's  qualitative  measurements  on  the  Cs2‘ 

(A-X)  band  were  shown  in  Figure  12  of  Report  GPL  A-31-2.  The 
intensity  observed  was  at  least  as  great  as  that  seen  by  Wechsler.  He 
found  about  25%  average  absorption  in  the  range  94008  to  ly,  with 
a  nominal  path  length  of  6"  in  slightly  unsaturated  vapor,  obtained 


as  calculated  from 

f  '  /.Nad  ,  . 

proportional  to  the  relative  spon- 
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from  99.93%  pure  cesium  plus  one  atm  of  argon,  at  somewhat  vary¬ 
ing  temperatures  near  297 °C,  using  a  spectrometer  of  fairly  low 
resolution.  With  an  instrument  giving  a  little  more  spectral 
resolution,  GPL  Division  found  about  22%  average  absorption  in 
this  region  for  a  path  length  of  about  1K  in  presumably  saturated, 
undiluted,  reasonably  pure  cesium  vapor , somewhere  in  the  neighbor¬ 
hood  of  280°C .  No  really  close  comparison  between  the  two 
observations  is  possible,  since  differences  in  many  of  these 
experimental  parameters  are  known  to  affect  measurements  within 
an  unresolved  molecular  band  in  a  complex  manner. 

Hupfeld  (1929)  has  measured  the  actual  fluorescent 
decay  rates  in  the  (B-X)  bands  of  Na2  and  Kj,  and  Stephenson  (1950). 
has  calculated  theoretically  the  xspont  to  be  expected  for  the  A 
state  of  Na2,  his  value  later  being  given  some  corroboration 
by  the  much  more  detailed  theoretical  treatment  of  Davies  (1958) . 
These  results  are  also  shown  in  Table  6. 

Although  the  numbers  in  Table  6  are  not  so  very  precise, 
(in  particular,  the  K9  absorption  cross  sections  might  actually 
be  a  factor  of  two  or  three  smaller,  and  the  Cs2  cross  sections 
might  be  altered  by  a  factor  of  about  three  either  way,  because 
of  the  uncertainty  in  the  molecular  concentration  curves  as 
described  in  the  report  GPL-A-31-3;  furthermore,  Wechsler's 
light  beams  traversed  a  somewhat  uncertain  effective  path  length 


and  also  contained  slightly  unsaturated  vapors,  which  are  known 

to  show  some  reduction  in  molecular  concentration  from  the 

* 

saturation  values  )  still,  it  may  probably  be  assumed  from  a  con¬ 
sideration  of  all  the  relative  numbers  that  TSp0nt  f°r  a  Cs2‘A 

-8 

molecule  is  in  the  general  neighborhood  of  10  sec. 

2  2 

It  may  be  noted  that  the  analogous  (n  P  -  n  S) 
transitions  in  the  corresponding  alkali  metal  atoms  have  upper 

—  8 

states  with  t  .  for  all  three  In  the  neighborhood  of  2  x  10 
spont 

sec.  (The  most  recent  experiments  are  by  Link,  (1966) . 

From  the  above  evidence, it  appears  that  the  cesium 
vapor  conditions  in  the  experiments  of  GPL  Division  must  have 
produced  saturated  equilibrium  molecular  concentrations  at  least  in  the 
general  neighborhood  of  those  to  be  expected  theoretically,  wiuich 
were  described  in  Figure  3  of  Report  GPL-A-31-3. 

The  next  section  will  consider  possibility  (c)  listed 
above  —  that  the  population  density  of  molecules  in  correct 
thermodynamic  equilibrium  with  the  atoms  might  actually  be 
decreasing  during  the  pumping  pulse,  because  of  superheating  of 
the  vapor . 

♦Calculations  on  this  matter  are  given  in  Section  5.3.  Also, 

Minkowski  and  Mfth.lenbruch  (1930)  have  experimentally  observed  the 
decreases  in  cesium  molecular  absorption  band  strength  which 
accompany  superheating  of  the  vapor. 


5.2  Molecular  Concentrations  in  Superheated  Vapors 


The  equilibrium  constant  for  the  gas  reaction 

2  (Hs  atoms)  «-»•  (Cs2  molecule) 

can  be  expressed  in  terms  of  the  partial  pressures  at  any 

equilibrium  point  as 

K  «  ^molecules 
P  (patom^  2 

It  is  well  known* that  as  so  defined  for  this  reaction  is  a 

function  of  absolute  temperature  T  only,  and  is  independent 
(a)  of  total  ambient  pressure,  (b)  of  the  pressure  of  any 
additional  inert  gas,  and  (c)  of  whether  the  volume  is  saturated 
or  superheated  —  provided  both  the  above  reacting  entities  can 
be  approximated  as  ideal  gases,  and  provided  neither  is  involved 
at  the  same  time  in  any  reaction  other  than  the  above. 

In  the  case  of  cesium  in  the  temperature  range 
700°-1400°C,  Ewing,  et  al  (1965b)  found  that  values  of  Kp 
deduced  from  their  vapor  pressure  measurements  were  not  independent 
of  pressure  at  a  given  temperature.  They  interpreted  this  as 
the  effect  of  additional  competing  reactions  involving  higher 
polymers,  such  as  Cs4  and  perhaps  CSg.  However,  in  the  range 
300°-400°C  where  the  experiments  of  GPL  Division  were  performed, 


♦Further  discussion  of  the  thermodynamic  quantities 
section  can  be  found  in  such  texts  as  W. J .  Moore, 
Chemistry",  Prentice-Hall,  3rd  Ed.,  1962. 
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the  concentration  of  these  higher  polymers  is  doubtless  so  small 
that  their  effects  can  be  ignored,  and  can  be  taken  as  a 

function  only  of  T,  to  an  approximation  adequate  for  the  present 

* 

purpose. 

Furthermore,  in  the  present  problem  we  are  interested 
only  in  temperature  and  pressure  ranges  where  the  diatomic  mole¬ 
cules  constitute  less  than  3%  of  the  mixture,  as  indicated  by 
Figure  2  of  report  GPL-A-31-3,  so  that  it  is  an  adequate  approxi¬ 
mation  to  ?et  P  ^  bsRP,  the  total  sodium  pressure.  This  means 
atoms 

that  Pmoiecuie^1*2  Kp*  A  comparison  between  (a)  the  equilibrium 
molecular  partial  pressure  in  superheated  vapor  at  any  chosen 
temperature  and  chosen  total  pressure,  and  (b)  the  equilibrium 
molecular  partial  pressure  in  saturated  vapor  at  the  same 
temperature  is  then  given  simply  by 


pmolecules 
(^molecules)  gat 


const . 


T. 


At  various  points  along  the  saturated  vapor  pressure 
curve  of  cesium  in  a  P-T  graph,  one  can  mark  the  expected  equilibrium 
molecular  concentrations  (as  taken  from  Figure  3  of  GPL  A-31-3, 
with  the  reservations  as  to  accuracy  expressed  therein)  and  then 


♦Figure  4  of  report  GPL-A-31-3  was  partially  in  error.  The  curves 
for  the  estimated  K4  and  Na4  fractions  were  incorrectly  plotted. 
Figure  6  of  the  present  report  is  a  corrected  version. 


Note:  This  is  a  corrected  vers 

GFL  A-31-3.  Some  of  the 
were  incorrectly  plotted 


find  the  equilibrium  molecular  concentrations  at  any  point 
in  the  superheated  region  by  simple  proportion  between  the 
squared  pressures  along  vertical  lines  of  constant  T.  Figure 
7  has  been  constructed  in  this  manner,  with  solid  lines  being 
drawn  through  pbints  of  constant  predicted  molecular  equilibrium 
concentration  in  the  superheated  region. 

If  one  begins  with  a  volume  of  vapor  in  a  saturated 
condition  at  some  chosen  temperature,  and  then  dumps  heat  into 
this  vapor ,  the  particular  point  in  the  superheated  region  which 
will  be  reached  will  depend  on  the  exact  manner  in  which  the 
experiment  is  performed.  In  an  effort  to  approximate  the 
conditions  of  the  GPL  Division  experiment,  which  will  be  more 
thoroughly  described  in  a  later  section,  let  us  make  the  follow¬ 
ing  assumptions: 

(a)  a  definite  quantity  of  sensible  heat  is  dumped 
into  the  vapor  within  a  small  fraction  of  a 
millisecond; 

(b)  the  vapor  volume  is  constant,  because  it  is 
in  a  closed  container; 

(c)  during  the  heat  dumping  period  there  is  no  time 
for  any  additional  mass  of  cesium  to  be  evaporated 
from  the  small  area  of  liquid  reservoir  which  is 
in  contact  with  the  saturated  vapor;  and 
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(d)  during  the  heat  dumping  period  there  is  no  time 
for  any  appreciable  amount  of  the  additional 
heat  to  be  lost  from  the  vapor  by  thermal 
radiation,  or  by  conduction  or  convection  to 
the  walls. 

In  such  an  assumed  situation,  by  the  end  of  the  heat 
dumping  period  the  added  sensible  heat  will  have  raised  the 
temperature  and  pressure  of  the  vapor  under  the  conditions  of 
constant  mass  and  constant  volume.  On  the  approximation  that  the 
vapor  behaves  like  a  perfect  gas,  and  the  further  rough  approxi¬ 
mation  that  the  effect  on  y -essure  of  changes  in  average  mole¬ 
cular  weight  can  be  neglected  in  this  temperature  region,  every 
constant-mass-constant-volume  line  on  the  P-T  graph  would  be  a 
straight  line  whose  extension  passes  through  the  origin  the 
latter  lying  at  zero  pressure  and  zero  degrees  absolute.  Such 
straight  dashed  lines  are  shown  in  Figure  7  extending  into  the 
superheated  region  away  from  a  number  of  chosen  starting  points 
along  the  saturated  vapor  curve. 

Starting  from  any  given  saturation  point,  progress 
along  one  of  the  constant  volume  lines,  because  of  very  quick  addi¬ 
tion  of  heat,  will  carry  the  vapor  to  points  of  smaller  and 
smaller  equilibrium  molecular  concentrations.  The  lines  of 
circles  in  Figure  7  show  the  end  points  where  20%,  50%,  and  75% 
of  the  initial  saturated  molecular  concentration  will  have  been 
lost*.  As  a  rough  generalization  it  appears  that  for  any  starting 

*  If  the  heat  was  to  have  been  added  extremely  quickly,  in  a  time 
much  shorter  than  the<l  ysec  molecular  recovery  time  estimated 
previously  the  vaPor  would  not  actually  follow  the  graph 

as  shown  since  the  atom-molecule  equilibrium  would  not  obtain  at 
every  instant,  as  was  assumed  in  constructing  Figure  7.  However, 
as  soon  as  atom-molecule  equilibrium  was  regained  once  more,  the 
graph  would  properly  describe  the  endpoint  reached. 
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temperature  in  the  200°-400°C  range,  saturated  cesium  vapor 
will  lose  about  20%,  50%,  or  75%  of  its  initial  molecular 
concentration  upon  quick  application  of  enough  energy  to  cause 
temperature  rises  of  about  15°C,  50°C,  or  130°C,  respectively. 

In  a  case  where  the  volume  contains  only  pure  cesium, 
the  amount  of  energy  which  must  be  absorbed  from  the  Nd  laser 
beam  per  cm3  of  vapor  in  order  to  cause  75%  of  the  saturation 
molecular  content  to  disappear,  for  example,  will  be  given  in 
rough  approximation  by  the  following  expression: 


/ Joules/cm3  to  cause  75%  Cs2  \  ( 
j  disappearance  from  pure  \  {_ 
^cesium  vapor  saturated  at  T°K j 

+r 


(0.75)  x  (molecules/cur  at  saturation) 
x  (3600  cm-1,  Cs2  diss.  energy 
to  make  two  6s  atoms)  — > 
x  (2  x  10-23  joules/cm-1)  j 

(3  c a 1/mole  per  °C,  C  for  monatomic 

ideal  gas) 


x  (AT, 


xfP sat  x 

I7S6  — 


c) 

273 


sat 


<oKj- 

density  J 

x  (4.2  joules/cal)^J 


Using  data  from  Figure  7,  the  absorbed  energy  density  required 


for  this  purpose  is  listed  in  Table  7  for  several  saturation  start¬ 
ing  temperatures.  The  amount  turns  out  to  be  no  greater  than  about 
one  milli joule/cm3  under  these  conditions. 
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Table  7 

Required  for  Suppressing  the  Molecules 


In  a  case  where  the  saturated  cesium  vapor  is  mixed 
with  1  atm  of  helium  gas,  since  the  molar  density  of  the  Cs  will 
always  be  less  than  l/40th  that  of  the  He  in  this  temperature 
range,  both  of  the  above  contributions  from  Cs  to  the  total 
enthalpy  change  can  be  neglected  in  an  approximate  calculation. 

The  energy  which  must  be  absorbed  is  roughly  that  needed  to 
heat  up  the  helium  alone,  which  is  given  simply  by 
(3  x  AT  x  273  x  4.2)/ (T  .  x  22,400)  joules/cm3.  The  temperature 
data  from  Figure  7  lead  to  the  energy  absorptions  listed  in  Table 
7  for  causing  20%  or  50%  loss  of  the  Cs2  molecules  in  this  mixture. 

-2 

Taking  the  largest  of  all  these  numbers,  1.8  x  10 
joules/cm3  for  50%  loss  of  the  molecules  present  in  saturated 
Cs  plus  1  atm  He  at  250°C,  let  us  now  try  to  envisage  some  mole¬ 
cular  process  which  could  cause  the  supposed  effect.  According 
to  Table  7,  to  dissociate  50%  of  the  molecules  present  in  saturated 
vapor  at  250°C  requires  about  1.7  x  10"  joules/cm  .  Therefore, 
the  postulated  process  must  be  putting  roughly  10,000  times  as 
much  sensible  heat  into  the  volume  as  the  energy  required  to 
dissociate  enough  Cs2  to  cause  the  observed  net  decrease  in  mole¬ 
cular  population. 

This  additional  factor  of  10*  is  -probably  to  be  related 
to  the  ratio  of  the  experimental  disappearance  time  of  the  absorption 


spectrum  ('v-lOOpsec)  to  the  population  recovery  time  (<lysec)  . 

Of  course,  the  net  eouilibrium  decrease  of  50%  in  the  molecular 
density  is  accomplished  only  as  a  result  of  dissociating  a  much 
larger  quantity  of  molecules  than  this,  since  the  recombination 
collisions  are  continuously  re-creating  molecules  in  an  effort 
to  maintain  the  original  equilibrium  until  the  vapor  has  become 
thoroughly  heated.  There  is  not  enough  evidence  at  this  time  to  show 
whether  or  not  the  superheating  phenomenon  postulated  here  would 
suffice  as  a  complete  explanation  for  the  disappearance  of  the 
molecular  absorption  spectrum  during  the  pumping  pulse.  There 
might  well  be  a  mixture  of  several  other  processes  involved  at 
the  same  time. 

The  remainder  of  this  report  will  consist  of  a  survey 
of  the  experimental  work  performed  by  GPL  Division  during  the 
last  six  months  of  this  contract  period. 
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6. 


INTRODUCTION  TO  EXPERIMENTAL  WORK 


The  purpose  of  the  experimental  program  has  been  to  test 
molecular  cesium  as  a  suitable  material  for  use  in  a  laser  trans¬ 
former.  The  program  also  included  supplementary  tests  and  measure¬ 
ments  on  materials  and  components  to  be  used  in  the  transformer  laser 
experiments . 

During  the  previous  phase  of  the  experimental  program  (Technical 
Report  GPL  A-31-3)  ,  the  existence  of  Cs2  molecules  in  the  absorption 
cells  had  been  established  by  the  presence  of  a  strong  absorption 
band  between  0.90  and  1.15y  that  appeared  with  increasing  temperature. 
Laser-excited  fluorescence  in  this  region  had  also  been  found  and 
its  general  features  found  to  correspond  with  those  of  the  absorption 
spectrum.  The  preparation  of  Corning  1720  glass  cells  filled  with 
cesium  had  been  established  and  repeated.  Perhaps  the  most  important 
finding  reported  previously  was  the  apparent  "bleaching"  of  the  cesium 
cell  at  the  laser  wavelength  (1.06y)  for  laser  pulses  above  certain 
intensities.  One  interpretation  of  this  was  the  saturation  of  the 
molecular  transitions  at  1.06y  by  the  laser  light.  Apparatus  for 
the  transformer  laser  experiment  ,  pumping  Cs  witn  Nd^+  light,  had 
been  designed  and  construction  begun. 

During  this  report  period  the  apparatus  for  the  laser  trans¬ 
former  experiment  was  completed  and  operated.  In  these  experiments 
no  transformer  laser  action  was  found  for  the  conditions  under  which 
the  experiment  was  conducted  and  the  observations  made.  A  large 
portion  of  the  effort  was  given  over  to  a  study,  of  a  supple¬ 
mentary  nature,  whose  aim  was  to  provide  an  understanding  of  why 
no  lasing  was  observed.  The  study  was  primarily  concerned  with  the 
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observation  of  changes  in  the  optical  properties  of  the  hot  cesium 
vapor  during  and  after  an  intense  laser  pulse.  This  also  involved 
a  detailed  determination  of  the  pump-laser  characteristics. 

The  organization  of  this  section  of  the  report  begins  with  a 
description  of  the  experiments  that  were  performed  in  the  search 
for  laser  transformer  action.  Analysis  of  some  of  these  conditions 
is  given  in  the  sections  that  follow  on  the  studies  of  cesium 
vapor  and  its  interaction  with  the  Intense  pumping  laser  beams. 

A  general  discussion  of  the  significance  of  the  experiments  is 
then  given. 

7 .  TRANSFORMER  LASER  EXPERIMENT 

In  the  transformer  laser  experiment  an  attempt  was  made  to 

3+ 

pump  hot  cesium  vapor  with  the  1.06y  output  of  a  Nd  glass  laser 
and  obtain  a  laser  output  at  adjacent  wavelengths  corresponding 
to  transitions  in  the  Cs2  molecular  spectrum. 

7 . 1  Experimental  Arrangement 

The  experimental  arrangement  of  the  essential  components 
is  shown  in  Figure  8.  The  laser  medium,  hot  cesium  vapor,  was 
contained  in  a  spherical  glass  bulb  about  1.2"  in  diameter.  The 
bulb  was  hand  blown  from  Corning  1720  glass.  It  was  positioned 
inside  a  cylindrical  oven  provided  with  a  side  port  to  admit  the 
pumping  flux  from  the  Nd^+  glass  laser.  The  oven  was  also  equipped 
with  heated  Brewster  angle  windows  along  the  direction  of  the  Cs 
lasing  cavity. 
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Figure  8.  Schematic  Drawing  of  Transformer  Laser  Experiment 


A  red  glass  filter  (Corning  #2-64)  was  placed  in  the 
light  pipe  between  the  Nd^+  glass  laser  and  the  cesium  bulb  to 
prevent  the  Nd  exciter  flash  light  to  the  blue  of  62008  from  getting 
into  the  oven. 

The  cesium  laser  cavity  was  completed  by  means  of  two 
spherical  mirrors  (focal  length  67.6  cm)  with  dielectric  coatings. 

The  reflectivities  of  the  two  mirrors  were  about  70  and  80%  at  l.OOv. 
The  mirrors  were  mounted  in  the  confocal  arrangement  centered  about 
the  cesium  cell.  The  alignment  of  the  spherical  mirrors  was 
accomplished  by  illuminating  them  with  a  narrow  beam  from  a  He-Ne 
laser  and  bringing  the  images  formed  by  the  reflecting  surfaces 
into  coincidence  at  some  distance  from  the  cavity .  A  photograph 
of  the  cesium  laser  cavity  is  shown  in  Figure  9. 

The  pump  laser  light  was  obtained  from  the  rod  described 
in  Secvion  8  .  Its  characteristics  and  their  determination  are 
described  in  more  detail  in  this  section.  Briefly,  an  output  of 
up  to  8  joules  in  a  1  msec  pulse  could  be  obtained  at  1.062w  in  a 
band  of  60S. 

The  output  of  the  Cs  laser  cavity  was  focused  on  the 
input  slit  of  a  grating  monochromator.  The  output  of  the  mono¬ 
chromator  was  monitored  photoelectrically . 

The  search  for  lasing  was  made  by  examining  the  output 
of  the  laser  cavity  for  changes  in  the  time-  and  frequency -depen¬ 
dence  of  the  fluorescence  during  the  pumping  pulse.  This  was  done 
as  a  function  of  the  cavity  being  aligned  or  not  aligned.  Alignment 
of  the  cavity  was  destroyed  by  insertion  of  a  beam  deflector  between 
the  confocal  mirrors.  The  spectrum  between  1.0565  and  1.2225y 


64 


was  explored.  The  region  about  the  Cs  D-lines  was  also  examined  in  the 
same  way.  No  changes  in  the  time-  and  frequency-dependence  of  the 
fluorescence  were  observed  on  changing  the  cavity  from  the  aligned 
to  unaligned  condition.  A  search  was  also  made  for  the  appearance 
of  some  threshold  phenomenon  near  1.2075u  as  the  pump  laser  power 
was  increased  and  the  alignment  of  the  cavity  changed.  Again, 
no  changes  were  noted  between  the  aligned  and  not  aligned  conditions 
of  the  cavity. 

7 . 2  Discussion  of  Results 

No  transformer  laser  action  was  observed  in  the  experi¬ 
ments  performed.  A  review  of  the  experimental  arrangement  and 
procedures  brought  about  the  recognition  of  several  factors  which 
could  have  prevented  the  lasing  from  taking  place  or,  if  it  had 
occurred,  from  its  being  detected.  These  factors  can  be  grouped 
generally  into  three  categories:  absence  or  disappearance  of  CS2 
molecules,  low  or  variable  Q  of  the  optical  cavity,  and  lasing  in 
a  manner  that  could  not  be  seen. 

In  the  first  group  concerned  with  the  absence  of  CS2 
molecules,  one  difficulty  may  have  been  tnat  there  were  never 
enough  CS2  molecules  in  the  absorption  cell.  Comparison  of  low 
intensity  absorption  curves  with  absorption  data  in  the  literature 
showed  this  not  to  be  the  case;  the  molecular  density  at  the  tempera¬ 
tures  used  was  about  that  to  be  expected.  This  is  discussed  in 
more  detail  in  Section  5.1.  Another  phenomenom  that  belongs 
with  this  group  is  the  possible  disappearance  of  the  cesium  molecules 
during  the  pumping  pulse.  This  could  come  about  through  the  destruc¬ 
tion  of  cesium  molecules  or  their  polymerization  during  the  intense 
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light  pulse.  A  separate  experiment  was  performed  to  detect  changes 
in  the  concentration  of  the  cesium  molecules  during  the  laser  pulse. 
A  reduction  in  the  absorption  in  the  (X+A)  and  (X+B)  regiops  during 
the  laser  pulse  was  found.  The  experiments  and  results  are  des¬ 
cribed  in  Section  11  and  their  interpretation  in  12. 

Of  course,  even  though  a  certain  percentage  of  the  cesium 
molecules  capable  of  absorbing  from  the  ground  state  disappear 
during  the  laser  pulse,  it  may  still  be  possible  to  lase  by  means 
of  the  transformer  pump  cycle  on  the  remaining  molecules.  If  this 
be  the  case,  then  the  remaining  effects  listed  above  could  prevent 
the  lasing  or  prevent  its  detection. 

The  poor  optical  quality  of  the  glass  bulb  lirhited  the 
precision  of  the  alignment  of  the  laser  cavity  mirrors;  the  turbu¬ 
lence  in  the  air  between  the  mirrors,  due  to  the  hot  base  plate, 
contributed  a  random  variation  to  the  tuning  that  remained. 

An  alterr  ite  explanation  to  the  apparent  absence  of 
lasing  in  the  direction  of  the  laser  cavity  is  that  lasing  was 
taking  place  only  in  the  direction  of  the  pump  laser  beam.  A 
brief  examination  of  the  forward  beam  (in  the  direction  of  the 
pumping  beam)  gave  no  indication  of  changes  in  the  spectrum  with 
increasing  laser  pump  power.  This  experiment  was  performed  with¬ 
out  the  optical  resonator  mirrors  in  place. 

The  lack  of  success  in  obtaining  lasing  from  the  hot 
cesium  vapor  pumped  with  the  Nd^+  light  led  to  further  studies  of 
the  interaction  between  cesium  and  the  light. 
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8  .  INVESTIGATION  OF  NEODYMIUM  AND  RUBY  LASER  CHARACTERISTICS 

Prior  to  the  beginning  of  the  present  report  period,  all 
Nd-pumped  cesium  studies  had  been  conducted  with  relatively  low 
laser  outputs,  in  the  neighborhood  of  0.035  joules.  In  order  to 
be  able  to  investigate  the  neodymium-cesium  system  at  much  higher 
laser  flux  densities,  a  new  laser  cavity  was  constructed  and 
several  large  neodymium  glass  rods  were  purchased.  In  anticipation 
of  the  eventual  inclusion  of  the  ruby-pumped  sodium  system  in  the 
laser  transformer  program,  a  large  ruby  crystal  was  also  purchased. 
All  rods  were  6-5/8  to  7"  long  by  10  mm  or  1/2"  in  diameter,  and 
could  be  used  interchangeably  in  the  same  laser  cavity.  The  out¬ 
put  characteristics  of  two  of  the  rods  were  investigated  in  detail. 
These  rods  were: 

(a)  Eastman  Kodak  Co.  neodymium  glass  -  TIR  (total  internal 
reflection)  prism  on  one  end;  reflecting  dielectric 
coating,  optimized  for  maximum  output  power,  on  the  other 
end. 

(b)  A.  Meller  Co.  ruby  crystal  (0.04%  chromium)  -  100% 
reflecting  dielectric  coating  on  one  end;  anti— ref lection 
dielectric  coating  on  the  other  end. 

The  new  laser  cavity  consisted  of  a  6"  diameter  cylindrical 
reflecting  shell  surrounding  a  linear  xenon  flash  tube  (EG&G  FX 
47B-6.5)  mounted  parallel  to  and  about  2"  away  from  the  laser  rod. 
The  power  supply  for  the  flash  tube  had  sufficient  capacity  to 
provide  up  to  4500  joules  in  an  approximately  one  millisecond  pulse. 
In  the  case  of  the  ruby  crystal  which  had  an  anti-reflection  coating 
on  its  output  end,  an  external  dielectric  mirror,  55%  reflecting 
at  69438,  completed  the  laser  cavity. 
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8.1 


The  investigation  of  the  output  characteristics  of  the 
neodymium  and  ruby  rods  included  the  following  measurements: 

(a)  Calorimetric:  A  commercial  liquid  calorimeter 
was  used  to  measure  the  total  energy  per  laser 
pulse  as  a  function  of  several  operating  variables, 
primarily  the  energy  furnished  to  the  flash  lamp. 

(b)  Photoelectric:  Oscilloscope  traces  of  the  laser 
pulses,  as  detected  by  an  S-l  multiplier  photo¬ 
tube,  were  photographed  simultaneously  with  the 
calorimeter  measurements .  These  traces  provided 
pulse  duration  and  peak  power  data. 

(c)  Spectrographic:  Spectra  of  the  laser  beams  were 
obtained  photographically  with  the  3/4  meter 
grating  spectrograph,  i\t  a  dispersion  of  228/mm. 

Simultaneous  calorimetric  and  photoelectric  measurements 
were  made  with  the  experimental  set-up  shown  in  Figure  10.  The 
output  of  the  laser  was  focused  on  the  entrance  window  of  the 
calorimeter  absorption  cell.  A  portion  of  the  laser  beam  was 
deflected  toward  the  phototube  by  means  of  a  glass  plate  used  as 
a  beam-splitter .  Pulse  energies  measured  by  the  calorimeter  were 
corrected  for  Fresnel  reflection  losses  at  the  several  glass  sur¬ 
faces  between  the  laser  and  the  calorimeter. 
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Trigger 


For  the  spectrographic  analyses  the  outputs  from  the 
neodymium  and  ruby  lasers,  unfocused  and  suitably  attenuated, 
were  directed  at  the  entrance  slit  of  the  spectrograph.  Correct 
photographic  plate  exposures  were  obtained  by  varying  the  slit 
opening  (between  5  and  20y)  and  the  beam  attenuation.  Either  one 
or  two  glass  plates,  each  deflecting  8-10%  of  the  incident  beam 
toward  the  spectrograph,  were  found  to  be  the  most  suitable  attenuators. 
Eastman  Kodak  I-Z  spectroscopic  plates  were  used  for  the  neodymium 
spectra  at  1.06yi  and  I-N  plates,  for  ruby  at  69438. 

8.2  Summary  of  Results 

A  summary  of  the  output  characteristics  of  both  the 
neodymium  and  ruby  lasers  is  presented  in  Table  8.  The  laser 
energies  are  taken  from  a  plot  of  calorimeter  readings,  suitably 
corrected,  versus  flash  lamp  energy.  Laser  efficiencies  are  repre¬ 
sented  by  the  slopes  of  these  essentially  linear  plots.  For  the 
calculation  of  peak  powers,  a  triangular  pulse  shape  was  aasumed; 
thus : 

peak  power  =  2  (total  energy  /  pulse  width) . 

This  was  a  very  close  approximation  in  the  case  of  the  ruby  laser, 
and  slightly  less  accurate  for  the  neodymium  rod. 

Wavelength  positions  (for  neodymium)  and  band  widths 
were  determined  from  spectroscopic  plates  of  the  neodymium  and 
ruby  outputs  obtained  with  low  (close  to  threshold)  and  high  flash 
lamp  energies.  As  shown  in  Figure  11,  the  neodymium  spectrum  appears 
as  a  series  of  well-defined  lines  spaced  at  'v  28  intervals. 
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Summary  of  Neodymium  and  Ruby  Laser 
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Replicate  exposures  indicate  that  the  exact  positions  and  relative 
intensities  of  these  lines  are  random.  The  ruby  output  appears 
as  a  single  sharp  line. 
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9.  PHOTOELECTRIC  ABSORPTION  SPECTRA 


9 . 1  Experimental  Arrangement 


Additional  measurements  of  the  absorption  of  white  light 


by  cesium  vapor  have  been  carried  out  to  supplement  the  data  included 
in  Technical  Report  GPL  A- 31- 3.  The  new  spectra  were  obtained  with 
the  3/4  meter  Czerny-Turner  grating  spectrograph  used  for  the  earlier 


photographic  absorption  studies.  In  order  to  extend  the  region 
investigated  beyond  l.ly,  the  region  in  which  Eastman  Kodak  I-Z 
spectroscopic  plates  begin  to  decrease  sharply  in  sensitivity  (even 
when  hypersensitized  with  ammc.iia)  ,  photoelectric  rather  than  photo¬ 
graphic  detection  was  employed  in  the  present  work.  An  automatic 


scanning  and  recording  system  recently  put  into  operation  greatly 
facilitated  the  acquisition  of  the  absorption  data.  The  amplified 
output  from  a  lead  sulfide  photocell  at  the  spectrograph  exit  slit 
was  fed  to  the  Y  axis  of  a  Houston  Model  HR-97  11x17"  x-Y  recorder. 


The  X  axis  was  driven  by  a  signal  proportional  to  the  wavelength 


setting  of  the  spectrograph. 

Details  of  the  experimental  arrangement  are  shown  in 
Figure  12.  A  tungsten  bulb  was  used  as  a  source  for  the  absorption 
measurements,  and  a  low  pressure  mercury  lamp  as  a  calibration 
standard  to  check  the  accuracy  of  the  spectrograph  wavelength  drive 
and  recorder  response.  A  #2-64  Corning  filter  which  transmits  only 
above  6400  8  prevented  light  from  entering  the  spectrograph  that 
could  be  detected  in  second  and  third  order  by  the  photocell. 
Entrance  and  exit  slit  openings  were  each  40y  and  the  600  grooves/mm 
grating  gave  a  dispersion  of  22  8/mm. 


Since  "single-beam"  operation  was  used  for  obtaining 
the  absorption  data,  reference  curves  were  first  run  at  room 
temperature  with  the  cesium  bulb  in  the  furnace  (negligible  vapor 
absorption  occurs  at  25°C) .  These  curves  served  to  establish 
the  light  levels  effectively  measured  by  the  recorder  throughout 
the  region  of  interest  (7000-13000  8  in  the  case  of  cesium) . 

The  variations  with  wavelength  of  the  tungsten  lamp  output, 
grating  efficiency  (grating  blazed  for  maximum  efficiency  at  lu) , 
and  lead  sulfide  detector  response  could  thus  be  eliminated  from 
the  cesium  absorption  curves  by  comparisons  with  the  reference 
curves.  The  reference  curves  also  helped  to  establish  the 
position  and  magnitude  of  atmospheric  absorption  bands  which, 
although  greatly  reduced  by  purging  the  spectrograph  with  dry 
nitrogen,  could  not  be  eliminated  altogether. 

9 . 2  Presentation  of  Cesium  Results 

Traces  of  the  absorption  curves  (photographically 
reduced  by  60%)  for  a  sample  bulb  containing  cesium  and  helium, 
the  latter  at  a  pressure  of  one  atmosphere  at  room  temperature, 
are  shown  in  Figures  13-a,  13-b,  and  13-c. 

9 . 3  Discussion  of  Cesium  Results 

Comparison  of  th<_  details  of  this  cesium-helium  spectrum 
run  at  320°C  with  the  spectrum  of  cesium  alone  obtained  under 
the  same  conditions  indicates  that,  apart  from  slight  pressure 
broadening  of  the  D-line  absorption  bands  and  the  appearance  of 
a  new  band  in  the  vicinity  of  8300  8,  the  presence  of  a  buffer  gas 
has  little  effect  on  the  absorption  of  cesium. 
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Absorption  Spectrum  of  Cesium  Vapor  With  Helium 
Buffer  Gas  Between  9000  and  11000  A;  Furnace 
Temperature  =  32C°C. 


WAVE;  N 


Figure  13-c.  Absorption  Spectrum  of  Cesium  Vapor  With  Helium 
Buffer  Gas  Between  11000  and  13000a;  Furnace 
Temperature  ■  320°C. 


The  8300&  band  is  probably  of  little  consequence  in  respect  to 
the  ultimate  question  of  the  effect  of  neodymium  pumping  on  cesium 
vapor  since  it  occurs  so  far  below  the  1.06y  pumping  region. 

With  the  relatively  high  resolution  available  with  the 
grating  spectrograph,  the  approximately  40  cm-1  periodicity 
is  easily  seen  in  the  X+A  absorption  region  between  9000  and 
11500&.  Details  of  this  structure  are  more  apparent  in  the 
photoelectric  results  than  in  the  previously  reported  photo¬ 
graphic  spectrum.  A  significant  result  of  these  curren  :  studies 
is  the  fact  that  this  same  40  cm  *  band  structure  is  also  present 
in  the  region  of  1.18  to  1.22 y.  Earlier  low  resolution  photo¬ 
electric  data,  although  showing  the  presence  of  an  absorption 
band  at  1.2y,  had  not  been  able  to  detect  the  superimposed  40  cm-* 
structure.  The  appearance  of  the  spectrum  in  this  region  is  the 
same  for  both  cesium  alone  and  cesium  with  helium.  The  approxi¬ 
mate  coincidence  between  sub-band  spacings  in  these  new  features 
and  in  the  known  CSj  bands  is  at  least  preliminary  evidence  that 
these  bands  may  also  belong  to  Cs.,. 

9 . 4  Rubidium  Absorption  Spectra 

In  order  to  check  on  the  appearance  of  a  spectrum  quite 
analogous  to  CS2,  some  cruick  measurements  were  r  a  on  the 
absorption  spectrum  of  rubidium  vapor.  The  vapor  was  contained 
in  a  1.2"  diameter  Corning  1720  glass  bulb  and  maintained  at 
370-385°C. 
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Entrance  and  exit  alit  openings  for  the  spectrograph  were 
40y  each,  except  in  the  region  6000-7000X  where  the  lower  grating 
efficiency  required  settings  of  60y. 

The  rubidium  spectra,  photographically  reduced  by  bh%, 
are  shown  ^n  Figures  14-a,  14-b,  14-c,  and  14-d. 

10.  LASER-EXCITED  FLUORESCENCE 

During  the  previous  report  period  (Technical  Report 
GPL  A-31-3)  measurements  were  made  of  the  fluorescence  spectrum  of 
cesium  vapor  when  pumped  with  a  low  energy  (a.  0.035  joule)  neodymium 
laser.  Data  were  obtained  using  a  low  resolution  prism  mono¬ 
chromator  with  the  cesium  vapor  maintained  at  temperatures  up  to 
400°C.  These  measurements  have  been  extended  during  the  past 
six  months  to  include  an  investigation  of  (a)  the  effect  of 
pumping  with  a  laser  operated  at  much  higher  outputs  (up  to  8 
joules)  and  (b)  the  effect  of  the  presence  of  a  buffer  gas  on  the 
cesium  fluorescence  spectrum. 

10 . 1  Experimental  Procedures 

Both  photographic  and  photoelectric  rethods  of  detect¬ 
ing  the  fluorescence  were  attempted.  Preliminary  efforts  using 
Ea«*tmen  Kodak  I-Z  plates,  hypersensi tized  with  ammonia  solution, 
were  abandoned,  however,  when  it  was  found  that  more  than  fifty 
laser  flashes  '.ore  required  to  produce  sufficient  plate  exposure 
to  show  the  cesium  fluorescence  in  the  ly  region. 

Instead,  photoelectric  data  were  taken  in  a  manner 
comparable  to  that  used  previously  with  the  low  resolution 
monochromator.  It  was  not  found  necessary,  however,  to  monitor 
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F*  'jure  1 4  -  a  .  Absorption  Spectrum  of  Rubidium  Vapor  Betwe 
6000  and  7000  a;  Furnace  Temperature  ■  385 
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Figure  14-c.  Absorption  Spectrum  of  Rubidium  Vapor  Between 

9000  and  11000  A;  Furnace  Temperature  =  385°C. 


Figure  14-d.  Absorption  Spectrum  of  Rubidium  Vapor  Between 

11000  and  13000  A;  Furnace  Temperature  ■  385 
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the  output  of  the  new  high  power  neodymium  laser  in  order  to 
obtain  reproducible  data.  The  intensities  of  successive  pulses, 
when  the  laser  was  flashed  at  one  minute  intervals,  were  essentially 
constant  within  the  accuracy  of  the  measurements.  Elimination 
of  the  monitor  made  it  possible  to  read  fluorescence  peak  heights 
directly  from  the  oscilloscope  rather  than  from  photographs  of 
the  traces  as  was  necessary  when  both  fluorescence  and  monitor 
pulses  were  recorded  simultaneously. 

Figure  15  shows  the  experimental  arrangement  used  for 
obtaining  the  fluorescence  spectra.  The  output  from  the  Nd 
laser  was  focused  on  the  sample  contained  in  the  same  Corning 
1720  glass  used  for  earlier  measurements.  The  sample  bulb  was 
located  in  a  furnace  having  windows  arranged  to  permit  viewing 
of  the  light  emitted  from  the  vapor  at  right  angles  to  the 
pumping  beam.  A  #2-59  Corning  filter  which  transmits  only  to  the 
red  of  62008  was  used  to  eliminate  much  of  the  extraneous  xenon 
flash  lamp  radiation  from  the  laser  output  beam.  Measurements 
made  at  room  temperature  indicated  that  any  flash  lamp  light 
above  62008  reaching  the  sample  bulb  and  scattered  by  it  to  the 
spectrograph  was  negligible. 

The  fluorescence  emitted  by  the  cesium  when  excited 
by  the  Nd  pump  laser  was  focused  on  the  entrance  slit  of  the 
3/4  meter  grating  spectrograph.  The  #2-64  Corning  filter  at  the 
entrance  slit  prevented  any  light  below  64008  from  being  detected 
by  the  PbS  photocell  in  second  and  third  orders  up  to  12800&,  the 
upper  limit  of  the  region  of  interest  in  the  fluorescence  spectra. 
Measurements  were  made  at  258  intervals  with  both  entrance  and  exit 
slit  openings  set  at  one  millimeter  and  a  dispersion  of 
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228/mm.  High  resolution  was  thus  sacrificed  for  the  convenience 
of  more  rapid  data  taking. 

10 . 2  Presentation  of  Fesults 

The  fluorescence  spectra  shown  in  the  accompanying 
figures  were  obtained  by  pumping  (a)  cesium  vapor  with  no  buffer 
gas  (Figures  16*-a,  16-b,  and  16-d)  and  (b)  cesium  vapor  with 
helium  added  to  a  pressure  of  approximately  one  atmosphere 
at  room  temperature  (Figures  16-c  and  16-d.)  The  neodymium 
laser  was  operated  at  6  joules  outpat  throughout  and  the 
cesium  bulbs  were  maintained  between  363  and  380°C.  It  should 
be  pointed  out  that  because  both  the  spectrograph  grating 
efficiency  and  the  PbS  photocell  response  vary  with  wavelength, 
the  intensities  of  the  fluorescence  peaks  shown  in  the  above 
figures  are  c.ily  semi-quantitative.  Since  the  grating  efficiency 
reaches  a  maximum  at  lp  and  the  detector  response  at  about  2 p , 
the  intensities  of  the  fluorescence  peaks  below  lp  are  actually 
somewhat  greater,  relative  to  those  above,  than  shown. 

10.3  Discussion  of  Results 

Several  conclusions  are  apparent  from  these  fluorescence 
curves.  The  intense  peak  in  the  vicinity  of  lp  is  simply  the 
instrumentality  scattered  Nd  pump  light,  that  isr  light  scattered 
primarily  by  the  walls  of  the  glass  sample  bulb.  A  peak  of  com¬ 
parable  intensity  was  observed  at  25°C?  at  this  temperature  the 
cesium  vapor  density  is  well  below  that  necessary  for  fluores¬ 
cence  to  be  detected.  The  width  of  this  scattered  light  peak. 
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Figure  16-a.  Fluorescence  Spectrum  Between  5600  and  80008 
of  Neodymium  Laser-Excited  Cesium  Vapor 
(Without  Helium  Buffer  Gas);  Furnace  Temperature 


Figure  16-c.  Fluorescence  Spectrum  Between  7900  and  10300ft  of 
Neodymium  Laser-Excited  Cesium  Vapor  (With 
Helium  Buffer  Gas);  Furnace  Temperature  *  375  C. 


Fluorescence  Spectrum  Between  1.00  and  1.24u  uf 
Neodymium  Laser-Excited  Cesium  Vapor  (With  and 
Without  Helium  Buffer  Gas);  Furnace  Temperature  *  375 


^  75  8,  compared  with  the  actual  width  of  the  laser  output  (60$) 
determined  under  high  resolution  conditions  with  the  grating 
spectrograph,  provides  a  measure  of  the  resolution  obtained 
with  the  spectrograph  slit  widths  used  in  this  experiment. 

Above  and  below  the  lg  region  there  is  a  general 
background  fluorescence  of  very  low  intensity.  Two  distinct 
peaks  appear  at  1.135  and  1.20u,  somewhat  stronger,  relative 
to  the  background  fluorescence,  with  helium  thar  without. 

These  peaks  are  apparently  the  same  as  those  reported  previously 
(Technical  Report  GPL  A-31-3)  although  the  contours  are  somewhat 
different  because  of  the  increased  resolution  in  the  present 
work.  The  positions  of  these  peaks  correspond  to  regions  in 
which  molecular  absorption  occurs  (Figure  13-c) . 

Of  particular  significance  is  the  absence  of  any  strong 
emission  Lr  the  immediate  vicinity  of  the  pumping  light.  It 
might  have  been  expected  that  the  most  likely  region  for  fluores¬ 
cence  to  occur  would  be  adjacent  to  1.06g.  The  resolution  of 
the  earlier  measurements  was  not  sufficient  to  distinguish 
between  the  strongly  scattered  laser  light  and  possible  nearby 
fluorescence.  It  now  appears  certain  that  except  for  the 
weak  background  fluorescence  mentioned  above,  no  strong  emission 
occurs  between  1.06  and  1.12w. 

Perhaps  the  most  striking  feature  of  the  fluorescence 
spectra  is  the  presence  of  the  sharp  lines  below  lu  in  the  case 
of  cesium  without  a  buffer  gas.  A  few  of  the  stronger  lines 
are  also  observed  with  the  bulb  containing  helium.  In  both  cases 
the  sharp  lines  appear  in  a  broad  continuum.  No  fluorescence  of 
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of  any  kind  had  been  detected  previously  below  9C00&  when  cesium 
wa*  pumped  with  a  0.035  joule  laser.  Comparison  of  this  line 
structure  with  the  known  emission  lines  of  atomic  cesium  shows 
excellent  correspondence  both  in  the  positions  end  relative 
strengths  of  the  lines.  The  atomic  resonance  lines  at  8521  and 
89448  are  observed  with  their  centers  "burned-out  because  of 
self -reversal ,  more  so  in  the  case  of  buffered  cesium  thar  with 
cesium  alone. 

10 . 4  bffect  of  Varying  Laser  Power 

The  effect  of  varying  the  laser  pump  energy  was  briefly 
investigated  in  the  region  of  the  strong  fluorescence  band  at 
i*2u.  The  data  in  Figure  17  show  that  as  the  laser  output  is 
increased  from  approximately  0.5  to  8  joules,  the  fluorescence 
at  1.205u,  the  position  of  the  band  maximum,  evidently  approaches 
a  limiting  value  at  laser  energies  of  8  to  10  joules.  This  may 
be  simply  due  to  the  decrease  in  molecular  density  during  the  more 
intense  laser  pulses  as  discussed  in  Section  11.  It  is  also 
apparent  that  the  strengths  of  the  two  peaks  which  make  up  the 
band  (at  1.1925  and  1.205u)  change,  relative  to  each  other,  as 
the  pump  power  is  varied. 

10.5  Fluorescence  with  Ruby  Excitation 

In  order  to  understand  better  the  mechanism  by  which 
the  cesium  fluorescence  was  produced  in  the  case  of  the  neodymium- 
pumped  vapor,  the  effect  of  exciting  unbuffered  cesium  with  the 
output  of  a  ruby  laser  was  briefly  investigated.  The  charac¬ 
teristics  of  this  laser  are  described  in  Section  8.  In  contrast 
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Figure  17.  Ceslua  Fluorescence  as  a  Function  of  Neodyalum 
Laser  Energy. 


to  the  case  of  the  Nd  laser  whose  output  falls  in  a  region  of 
strong  cesium  absorption,  the  ruby  output  is  in  a  region  in  which 
no  measurable  absorption  occurs . 


Fluorescence  data  were  obtained  for  the  ruby-cesium 
combination  at  370°C  between  8000  and  9400&  in  the  same  manner 
used  for  the  Nd  -  cesium  studies.  As  in  the  case  of  neodymium 
pumping,  strong  atomic  emission  lines  were  observed  in  this 
wavelength  region.  The  self-absorbed  D-lines  were  similar  in 
appearance  to  those  shown  in  Figure  16  for  Nd  excitation.  Weak 
emission  lines  also  appeared  at  8750  and  9175ft?  the  8075ft  peak, 
however,  was  not  present. 

From  these  results  it  is  apparent  that  the  mechanism 
responsible  for  the  excitation  of  atomic  cesium  fluorescence 
dows  not  require  that  the  vapor  be  pumped  in  a  region  of  strong, 
single -quantum  absorption. 
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11.  TIML-DLPEUDENT  ABSORPTION  STUDIES  OF  CESIUM  VAPOR 


An  experiment  was  conducted  for  the  purpose  of  determining 
the  relative  number  of  cesium  molecules  before,  during,  and 
after  an  intense  Nd^+  laser  pulse.  In  this  experiment  a  probe 
beam  of  "white"  light  was  directed  through  the  cesium  cell,  and  its 
absorption  at  a  selected  wavelength  was  monitored  during  the  t.me 
of  the  pulse.  The  changes  in  intensity  of  the  transmitted 
probe  beam  provided  a  measure  of  the  number  of  absorbers  as  a 
function  of  time.  These  observations  were  repeated  at  several 
wavelengths . 

11.1  Experimental  Arrangement  and  Procedures 

The  arrangement  of  the  apparatus  for  observing  the 
time  dependence  of  the  absorption  is  shown  schematically  in 
Figure  18.  The  cell  to  be  studied  was  placed  in  an  oven  with 
windows  that  provided  access  to  the  cell  from  several  direc¬ 
tions.  The  light  from  the  Nd^+  glass  laser  was  focused  on  the 
cell  to  be  studied.  A  Corning  12-64  filter  was  placed  in  the 
beam  to  keep  the  short  wavelength  components  of  the  flash  lamp 
from  getting  into  the  cesium  cell.  A  second  beam  of  light 
was  directed  through  the  cell  in  a  direction  perpendicular  to 
the  laser  beam  direction.  This  beam,  from  a  tungsten  lamp 
operated  from  a  regulated  source,  was  approximately  parallel 
and  was  restricted  by  means  of  stops  so  as  to  travel  through 
only  the  central  portions  of  the  cesium  cell.  This  second  beam 
could  be  chopped  by  means  of  a  slotted  disk  mounted  on  the  shaft 
of  a  variable  speed  motor.  When  turned  by  hand  the  slotted 
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disk  also  served  as  a  shutter  to  block  permanently  or  pass  the 
beam.  The  beam  from  the  tungsten  lamp  after  leaving  the  oven 
was  focused  on  the  entrance  slit  of  the  3/4-meter  grating 
monochromator.  All  measurements  were  made  in  first  order  with 
a  600  grooves/mm  grating  blazed  for  ly.  The  output  of  the 
monochromator  was  monitored  with  a  multiplier  phototube 
(Dumont  6911-S-l  response)  connected  directly  to  the  input 
terminals  of  an  oscilloscope. 

The  following  procedure  was  used  for  observing 
the  time  dependent  absorption.  With  the  cesium  cell  at  room 
temperature,  the  intensity  of  the  probe  beam  transmitted  through 
the  cell  v'as  measured  at  several  wavelengths.  These  observations 
provide  a  reference  level  of  the  unattenuated  beam.  Then  with 
the  cesium  cell  at  about  355°C,  the  intensity  of  the  transmitted 
probe  beam  was  observed  as  a  continuous  function  of  time  beginning 
shortly  before  the  rise  of  the  laser  pulse.  The  transient 
signals  thus  generated  were  photographed  from  the  screen  of  an 
oscilloscope.  With  the  cell  still  at  355°C,  the  intensity  of 
the  radiation  from  the  cell  excited  by  the  laser  was  reef rded 
while  the  probe  beam  was  blocked.  This  gave  a  measure  of  the 
fluorescence  radiation.  .he  slow  recovery  of  the  absorption 
of  '.he  cell  was  also  studied  with  the  probe  beam  chopped.  This 
provided  a  measure  of  the  total  light  intensity  during  the 
transient  behavior  of  the  absorption. 

Two  cesium  cells  were  used  in  these  experiments:  one 
contained  saturated  cesium  vapor  and  the  other,  one  atmosphere 
of  helium  in  addition  to  the  saturated  vapor.  Both  cells  were 
about  1.2  inches  in  diameter  and  were  hand-blown  from  Corning 
1720  glass. 
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11.2  Presentation  of  Results 

Typical  photographic  records  of  the  time-dependent 
absorption  are  shown  in  Figures  19,  20,  and  21.  The  coordinates 
in  these  pictures  are:  time  running  left  to  right  and  light 
intensity  increasing  downward .  In  trace  a  Figure  19,  taken  at 
9800X  with  the  probe  beam  through  the  saturated  cesium  vapor 
cell,  the  changes  of  light  levels  relative  to  that  before  the 
laser  pulse  can  be  seen.  At  the  onset  of  the  laser  pulse  the 
light  level  increases  to  a  maximum  and  then  decays  rapidly  to 
a  value  griatir  than  that  which  existed  before  the  laser  pulse, 
as  shown  by  the  increased  transmitted  intensity  of  the  probe 
beam.  That  this  is  not  some  long-time  fluorescence  can  be 
seen  by  comparison  with  trace  b  which  was  taken  with  the  probe 
beam  blocked.  In  this  case,  the  light  level  immediately 
before  and  after  the  laser  pulse  is  the  same.  The  rise  in 
intensity  is  just  the  molecular  fluorescence  excited  by  the 
laser . 

The  slow  recovery  of  the  absorption  of  the  cell 
following  the  laser  pulse  can  be  seen  in  trace  a  which  was 
again  taken  with  the  probe  beam  through  the  cell  but  at  a 
sweop  rate  of  20  msec/div.  Trace  d  provides  the  comparison 
with  the  probe  beam  blocked.  The  fluorescence  pulse  does  not 
show  in  these  photographs  because  the  photographic  exposure 
was  chosen  to  show  the  slow  recovery  rather  than  the  initial 
short  (on  this  time  scale)  pulse  at  the  very  beginning  of  the  trace. 
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Time  - ► 

yure  19.  Time  Dependent  Absorption  Curves  for  Saturated  Cesium 
Vapor  at  355°C  (a  =  9  8  0  0 A ) . 

(a)  Transmitted  Probe  Beam  Intensity  Plus 
Fluorescence,  Sweep  Rate:  2Q0ys/div. 


(b)  Probe  Beam  Blocked  -  Fluorescence  Only 
Sweep  Rate:  200ys/div. 


(c)  Transmitted  Probe  Beam  Intensity 
Sweep  Rate:  20ms/div. 


(d)  Probe  Beam  Blocked 
Sweep  Rate:  20  ms/div. 

(e)  Transmitted  Probe  Beam  Intensity  (Chopped) 
Sweep  Rate:  20  ms/div. 


♦Fluorescence  pulse  does  not  show  in  photographic 
exposure  chosen. 
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Fiqure  20.  Time  Dependent  Absorption  Curves  for 

Saturated  Cesium  Vapor  with  One  Atmosphere 
of  Helium  at  355°C  0  =  7530A) 


(a)  Transmitted  Probe  Beam  Intensity  Plus 
Fluorescence,  Sweep  Rate:  200ps/div. 


**  (b)  Probe  Beam  Blocked  -  Fluorescence  Only 

_  Sweep  Rate:  2  0 1-  u  s  /  d  i  v  . 

i 

(c)  Transmitted  Probe  Beam  Intensity* 

(  Sweep  Rate:  20ms/div. 


1(d)  Probe  Beam  Blocked* 

Sweep  Rate:  20ms/div. 

1(e)  Transmitted  Probe  Beam  Intensity  (Chopped)* 

Sweep  Rate:  20mt/div. 

[  *F1 uorescence  pulse  does  not  show  in  photographic 

exposure  chosen. 

I 

103 

I 


Fiqure  21.  Time  Dependent  Absorption  Curves  for  Saturated 
Cesium  Vapor  with  One  Atmosphere  of  Helium  at 
355°C  (A  -  9800A). 


(a)  Transmitted  Probe  Beam  Intensity  Plus 
Fluorescence,  Sweep  Rate:  200ys/div. 


(b)  Probe  Beam  Blocked  -  Fluorescence  Only 
Sweep  Rate:  200ys/div. 


(c) 


Transmitted  Probe  Beam  Intensity* 
Sweep  Rate:  20ms/div. 


(d) 

(e) 


Probe  Beam  Blocked* 
Sweep  Rate:  20  ms/div. 


T  ransmi tted 
Sweep  Rate: 


Probe  Beam 
20  ms/div. 


Intensity  (Chopped) 


*F1 uoresce 1 *e  pulse  does  not  show  in  photographic 
exposure  cnosen. 
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Curve  e  was  obtained  with  the  tungsten  light  chopped  in  order 
to  give  a  measure  of  the  light  intensity  above  the  zero  light 
level.  The  similar  set  of  curves  in  Figure  20  was  obtained  with 
the  Cs  +  He  bulb  at  9800&.  In  Figure  21  the  same  set  of  obser¬ 
vations  was  made  on  the  Cs  +  He  bulb  at  7530&.  This  wavelength 
is  on  the  blue  side  of  the  (X-»B)  absorption  band.  Similar 
observations  were  made  several  times  under  these  conditions  and 
at  several  other  wavelengths.  In  one  set  of  measurements  the 
energy  of  the  laser  was  varied.  The  results  of  these  observa¬ 
tions  are  summarized  in  Table  9 . 

11.3  Discussion  of  Results 

A  comparison  of  the  data  at  different  wavelengths 
obtained  directly  from  the  pictures  provides  only  a  qualitative 
picture,  since  the  output  of  the  multiplier  phototube  is  a  com¬ 
plex,  undetermined  function  of  the  grating  response,  output  of 
the  tungsten  bulb,  and  response  of  the  photocathode  surface.  A 
comparison  can  be  made,  however,  of  the  relative  transmission  at 
the  various  wavelengths  by  normalizing  the  curves  to  the  intensity 
of  the  incident  light.  The  data  reduced  in  this  way  are  shown 
in  Table  9.  In  the  table  are  included  the  wavelengths  at 
which  the  observations  were  made,  the  temperatures  of  the  cesium 
cell,  the  ratios  IT/I  ,  Im/I  ,  and  f,  where 

IL/I^  is  the  ratio  of  intensity  of  the  light  immediately 
after  the  laser  pulse  to  the  incident  intensity 
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TABLE  9 


Summary  of  Time-Dependant  Absorption  Measurements 
on  Cesium-Helium  Cell 


Wavelength, 

Temperature , 
°C 

Energy  of 
Laser  Pulse, 
Joules 

VXo 

Vxo 

f 

9800 

359 

4.7 

.38* 

.61* 

.48* 

9800 

355 

1.4 

.38** 

.57** 

.39** 

9800 

355 

0.5 

.38+ 

.48  + 

.21+ 

9775 

355 

4.7 

.33 

.59 

.52 

9750 

355 

4.7 

.31 

.59 

.54 

7600 

355 

4.7 

.0054** 

.053** 

.45** 

7530 

356 

4.7 

.34 

.54 

.43 

* 

Average  of  7  readings 

+ 

Average  of  3  readings 

** 

Average  of  2  readings 

Jo 

is  the  transmitted  light 
temperature . 

intensity 

with 

the 

cell 

at  room 

IT 

is  the  transmitted  light 
temperature  T. 

intensity 

with 

the 

cell 

at 

XL 

is  the  transmitted  light 
laser  pulse. 

intensity 

immediately  after  the 
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1^,/Iq  is  the  ratio  of  intensity  of  light  before  the  laser 
pulse  to  the  incident  intensity 
f  is  the  fractional  decrease  in  average  absorption 
coefficient  immediately  after  the  pulse. 

The  fractional  decrease  of  the  average  absorption 
coefficient  of  the  cell  can  be  obtained  from  the  simple  con¬ 
sideration  of  linear  absorption,  i.e.,  that  the  transmitted 

B  1  _ 

intensity  is  I  ■  IQe  where  a  is  the  average  absorption 
coefficient  and  1  is  the  length  of  the  container.  The  inci¬ 
dent  intensity  Iq  was  taken  to  be  that  transmitted  through  the 
cell  at  room  temperature. 

In  the  case  of  the  cesivm  cell  with  an  atmosphere 
of  helium  added,  the  average  absorption  coefficient  we?  about 
50%  less  immediately  after  the  laser  pulse.  The  increase  in 
transmission  was  found  to  be  directly  related  to  the  laser 
energy. 

In  the  case  of  the  cell  that  contained  only  cesium, 
the  average  absorption  coefficient  decreased  by  more  than  the 
50%  observed  in  the  Cs  +  He  cell.  A  quantitative  comparison 
between  these  data  is  not  significant  since  the  position  and 
quality  of  the  focus  of  the  laser  beam  in  the  cells  was  not 
controlled  and  the  ability  to  reproduce  results  after  moving  the 
cells  was  not  tested. 

Along  this  same  line,  since  the  laser  light  does  not 
illuminate  the  entire  path  of  the  probe  beam,  the  absorption 
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coefficient  may  vary  considerably  along  this  path.  Therefore, 
the  averaae  coefficient  is  v.he  quantity  determined. 

The  rate  at  which  the  average  absorption  recovers 
af te  r  the  laser  pulse  can  be  estimated  by  fitting  an  exponential 
curve  to  the  data.  For  the  curve  in  Figure  19  obtained  with  the 
bulb  containing  only  cesium,  the  time  constant  is  17  ±  4  ms. 

This  time  constant,  determined  for  the  curve  at  98Q0il,  is  the 
same  for  observations  at  other  wavelengths.  For  the  curves  in 
Figures  20  and  21  obtained  with  the  cesium-helium  bulb,  the 
time  constant  is  approximately  57  ms.  The  decay  curves  in 
Figures  20  and  21  are  similar. 

Another  observation  can  be  made  from  these  pictures: 
the  rate  at  which  the  average  absorption  of  the  cell  decreases. 
This  is  best  seen  in  the  bottom  trace  of  Figure  21.  In  the 
other  curves  the  fluorescence  tends  to  obscure  this  rate. 

Within  200  us  the  absorption  is  at  its  lowest  value.  The 
absorption  decreases  most  rapidly  at  the  beginning  of  the  laser 
pulse. 

If  the  absorption  is  assumed  to  be  due  to  transitions 
upward  in  the  molecular  spectrum,  then  the  data  indicate  a 
decrease  of  at  least  50%  in  the  number  of  molecules  in  the 
ground  state  during  the  laser  pulse.  Possible  mechanisms  for 
this  are  discussed  in  Section  12. 
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1 2 .  DISCUSSION  OF  EXPERIMENTAL  RESULTS 

Tho  objective  of  the  experimental  program  was  to  evaluate 
molecular  cesium  as  a  transformer  laser  medium.  It  was  expected 
that  part  of  the  energy  delivered  by  the  pump  laser  would  be 
re-emitted  as  coherent  light  along  the  axis  of  the  cesium  laser 
cavity.  Preliminary  calculations  gave  a  theoretical  prediction 
sufficiently  high  gain  for  lasing  to  occur  in  even  a  very  low 
Q  cavity. 

No  lasing  action  was  observed.  This  may  have  been  due 
to  a  lower  gain  in  the  laser  medium  than  had  been  predicted.  If 
this  were  the  case,  improvements  in  the  design  of  the  cavity 
and  particularly  in  the  optical  quality  of  the  cesium  cell  con¬ 
ceivably  could  have  led  to  lasing.  Because  of  the  practical 
difficulties  of  obtaining  high  optical  quality  in  Corning  1720 
glass fall  attempts  to  produce  lasing  were  made  with  bulbs 
simply  blown  from  this  glass.  It  may  also  have  been  that  the 
correct  time,  optical  frequency,  and  direction  were  not  chosen 
for  looking  for  the  laser  radiation.  However,  it  is  most 
probable  in  light  of  the  following  discussion  that  the  Cs2  mole¬ 
cules  in  these  experiments  were  dissipated  early  in  the  pulse. 

An  important  observation  was  that  very  little  of  the 
1 • 06 u  radiation  incident  on  the  cesium  cell  was  absorbed,  although 
measurements  of  the  absorption  spectrum  of  the  hot  cesium  cell 
throughout  this  spectral  region  showed  the  bulb  to  be  a  very 
strong  absorber  for  white  light.  In  Technical  Report  GPL  A-31-2 
the  hot  cesium  vapor  was  shown  to  be  a  good  absorber  of  very 
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low  intensity  1.06y  .laser  light.  The  study  of  the  time- 
dependent  absorption  of  the  cesium  vapor  at  wavelengths 
othc.r  than  1.06y  during  and  after  the  laser  pulse  showed  that, 
indeed,  the  absorption  of  the  hot  cesium  vapor  decreased  at 
all  wavelengths  tested.  The  most  likely  reason  for  this  is 
the  disappearance  of  the  cesium  molecules  during  the  laser 
pulse.  If  such  were  the  case,  this  could  also  account  for 
the  low  attenuation  of  the  laser  beam  itself  on  passing  through 
the  hot  cesium  vapor.  During  the  initial  rise  of  the  laser 
pulse,  most  of  the  diatomic  cesium  molecules  are  destroyed. 

Some  of  the  laser  energy  would  be  absorbed  during  this  time. 

The  remainder  of  the  pulse  would  then  be  transmitted  unattenu¬ 
ated  by  transitions  in  diatomic  cesium  molecules. 

Any  process  that  is  proposed  to  describe  the 
removal  of  the  cesium  molecules  must  also  fit  the  observations 
of  the  relatively  slow  regrowth  of  the  absorption  following  the 
pul3e.  As  order  of  magnitude  numbers:  the  molecules  disappear 
in  about  100  ys  and  reform  at  a  rate  of  about  (17  ms)  ^  in  the 
case  of  the  cell  containing  saturated  cesium  vapor  and  about 
(57  ms)  in  the  cell  containing  an  atmosphere  of  helium  in 
addition  to  the  saturated  cesium  vapor.  The  process  in  addition 
should  also  provide  the  mechanism  for  exciting  the  atomic 
fluorescence. 

First  consider  a  mechanism  that  does  not  destroy  the 
molecules  but  only  places  them  in  states  which  are  connected 
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to  excited  states  by  transitions  outside  the  region  of  wave¬ 
lengths  that  were  examined.  Such  a  mechanise  would  require 
that  thermal  processes  tending  to  restore  thermal  equilibrium 
do  not  fill  the  ground  state  X  of  Cs2<  This  does  not  seem 
likely. 

Among  the  processes  which  could  cause  the  Cs2  molecules  to 
disappear  are  included  formation  of  higher  cesium  polymers, 
decrease  in  atomic  density,  and  dissociation  of  the  cesium 
diatomic  molecules.  The  first  can  be  eliminated  as  unlikely. 

The  thermal  dissociation  of  the  polymers  would  compete  with 
the  formation  of  them. 

If  the  atomic  density  were  to  decrease  during  the  laser 
pulse,  the  molecular  density  would  also  decrease.  The  formation 
of  minute  cesium  metal  droplets  during  the  laser  pulse  would 
account  for  this.  A  quick  search  for  this  fog  did  not  show 
any  to  be  detectable  (.using  scattering  techniques)  .  Also  the 
appearance  of  strong  atomic  fluorescence  during  the  pulse  does 
not  fit  well  with  this  hypothesis. 

The  cesium  diatomic  molecules  may  be  directly  broken 
up  by  photodissociation  or  indirectly  by  a  rise  in  the  temperature 
of  the  vapor.  The  final  explanation  of  this  phenomenon  will 
probably  include  both  direct  and  indirect  dissociation  as 
playing  important  roles.  Direct  photodissociation  of  the  Cs2 

molecules  can  easily  be  seen  to  require  a  much  greater  energy 

than  is  available  from  the  laser  that  was  used.  If  photodissociation 
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were  the  only  process,  the  number  of  photons  required  to  destroy 
the  molecules  is  not  just  a  factor  of  two  or  three  times  the 
number  of  molecules  present  (the  order  of  10  )  but  many  times 

this,  since  thermal  processes  would  continuously  be  remaking 
the  molecules.  The  rate  of  formation  of  Cs2  under  normal 
conditions  is  probably  less  than  a  microsecond. 

The  change  in  molecular  density  due  to  a  temperature 
rise  through  an  isovolumic,  constant  density  process  was  dis¬ 
cussed  in  Section  5.3.  An  input  of  1.8  *  10  2  joules/cm3  is 
required  for  a  loss  of  50%  of  the  molecules  at  250°C  in  the  case 
of  cesium  plus  one  atmosphere  of  helium.  An  input  of  1.7  *  10 
joules/cm3  for  the  saturated  cesium  would  result  in  50%  of  the 

molecules  being  dissociated. 

Dissociation  of  the  molecules  due  to  the  sudden 
shift  in  temperature  of  the  vapor  brought  about  by  the  absorption 
of  a  small  amount  of  the' energy  in  the  laser  pulse  would  seem 

to  fit  the  experimental  observations. 

The  energy  delivered  to  the  vapor  could  be  that  left 
behind  after  multiple  photon' absorption  either  by  the  atomic 
or  the  molecular  systems.  For  example,  as  shown  in  Figure  22, 
the  energy  of  three  photons  comes  within  a  few  kT  at  350  C 
of  the  6f  level  in  atomic  cesium.  Any  non-radiative  transitions 
made  by  an  atom  that  has  absorbed  throe  photons  would  go  into 
thermal  energy  to  heat  up  the  gas.  The  absorption  of  three 
photons  by  a  Cs2  molecule  would  lead  to  the  ionization  of  the 
molecule.  (The  ionization  threshold  for  Cs2  is  about  26,000  cm  ? 
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the  energy  of  three  1.06y  photons  is  28,300  era  . )  The  proba¬ 
bility  of  molecular  ionization  by  three  photon  absorption  is 
most  likely  greater  than  the  raising  of  a  Cs  atom  to  the  6f  level 
since  no  resonance  energy  conditions  need  be  satisfied  on 
reaching  the  final  state  in  the  case  of  ionization. 

The  ionization,  or  breakdown  of  gases  due  to  focused, 
intense  laser  beams  has  been  reported  and  analyzed  by  many 
authors ,  Tomlinson  et  al  (1966),  Kaught  et  al  C1966),  and  Eebb 
(1966) .  Most  of  these  works  were  concerned  with  0  switched 
beams  in  which  the  powers  used  or  assumed  were  much  greater  than 
those  used  in  the  present  work.  Although  the  details  of  the 

breakdown  have  not  yet  been  found,  it  seems  that  multiple  photon 
ionization  provides  the  initial  free  electrons  which  then 
interact  with  the  intense  light  beam  to  couple  energy  to  the 
gas.  Damon  and  Tomlinson  (1963)  reported  comparable  photo¬ 
ionization  produced  by  either  conventional  or  C  switched  ruby 
laser  pulses. 

One  process  proposed  for  the  heating  of  the  cesium 
vapor  is  the  coupling  of  the  laser  energy  to  the  molecules 
and  atoms  via  electrons  that  have  been  released  by  non-linear 
processes  during  the  initial  part  of  the  pulse.  Energetic 
electrons  colliding  with  the  atoms  would  be  capab.le  of  exciting 
them  to  higher  levels  and  thus  account  for  the  atomic  fluorescence 
that  was  observed. 

The  results  of  the  experiment  performed  with  ruby  light 
on  cesium  tend  to  agree  with  this.  The  cesium  molecular  spec¬ 
trum  shows  no  detectable  absorption  from  the  ground  state  at  the  ruby 
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wavelength.  Two-photon  absorption  by  the  cesium  and  atom  (f  om 
6s  to  9d)  is  not  likely  with  the  ruby  laser  operated  at  room  tem¬ 
perature  (Abella  1962).  However,  two  photon  absorption  in  the 
Cs  molecule  is  quite  likely  to  produce  molecular  ions  and  free 

4 

electrons. 

In  the  case  of  the  cesium  being  illuminated  by  the 
Nd  laser  light  another  process  may  be  proposed  to  account  for 
the  heating  of  the  gas.  Since  the  Cs2  molecule  can  absorb 
1.06y  light  directly,  a  sizable  population  of  excited  Cs2 
molecules  would  be  created  during  the  beginning  of  the  laser 
pulse.  In  a  collision  between  two  excited  molecules  one  may 
as  a  result  drop  to  the  ground  state,  and  the  other  be  excited 
to  a  higher  unstable  energy  level.  The  molecule  thus  excited 
could  dissociate  with  some  heat  released.  In  a  similar  fashion 
a  molecule  l.ay  absorb  a  succession  of  single  photons  and  thus 
escalate  in  energy.  One  somewhat  different  process  that  may 
add  heat  to  the  vapor  is  the  absorption  of  a  Nd  laser  photon 
( 1 . 0 6 y )  by  a  molecule  with  the  subsequent  reradiation  at  a 
longer  wavelength  (e.g.,  1.2y).  The  molecule  can  give  up  the 
energy  difference  as  thermal  energy  through  rotational  and 
vibrational  relaxation  processes. 

A  detailed  study  of  these  phenomena  would  be  required 
to  establish  the  relative  importance  of  these  and  other  possible 
processes  that  result  in  a  rapid  heating  of  the  vapor. 

The  destruction  of  the  cesium  molecules  due  to  heating 
of  the  vapor  during  the  laser  pulse  is  probably  the  cause  of  the 
poor  absorption  of  the  high  power  Nd  laser  light.  Identification 
and  elimination  of  the  process  for  the  heat  generation  in  the 


115 


cesium  vapor  would  be  necessary  for  the  use  of  diatomic  cesium 
molecules  as  the  medium  of  a  high  power  transformer  laser. 


116 


13.  CONCLUSIONS 

At  this  date  the  transformer  laser  concept  has  been  explored 
only  to  a  preliminary  degree. 

Numerous  possible  gas  media  have  been  considered  analytic  ally , 
on  the  basis  of  their  molecular  properties  as  known  from  the  existing 
scientific  literature,  for  pumping  over  a  1  msec  pulse  length  with 
a  battery  of  either  ruby  or  glass  primary  lasers.  The  coverage  in 
this  respect  has  been  rather  thorough  for  diatomic  molecule  gases, 
but  less  so  for  polyatomic  molecule  gases.  No  other  pulse  lengths 
or  other  primary  laser  types  have  been  considered.  The  most 
emphasis  has  been  placed  on  systems  whose  output  wavelength  would 
lie  in  one  of  the  windows  of  the  atmospheric  absorption  spectrum. 

These  \.ould  be  most  suitable  for  ground  based  applications. 

In  the  laboratory,  experimentation  so  far  has  dealt 
exclusively  with  the  system  utilizing  cesium  vapor  saturated  at 
about  400°C  in  at  least  one  atm  of  helium. 

The  analyses  based  on  previously  existing  information  in¬ 
dicated  that  the  highest  output  pulse  energy  densities  should 
be  achievable  by  the  following  systems,  provided  experimental 
research  does  not  establish  any  unfavorable  new  properties  of  the 
molecules  under  intense  irradiation. 
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The  experiments  on  Cs2-Nd  so  far  indicate  a  probability  of  serious 
trouble  from  some  dissipative  reaction  occurring  in  the  vapor  at 
high  pumping  fluxes.  However,  the  origin  of  the  trouble  has  not  yet 
been  definitely  settled. 

All  of  the  above  combinations  of  materials  appear  worthy 
of  careful  experimentation  for  their  possible  use  in  producing  very 
intense  laser  outputs  of  good  wavefront  shape. 


*  The  CO-Dy  system  was  not  studied  under  this  contract,  but  was 

previously  analyzed  with  GPL  Division  funds.  It  is  mentioned  here 
as  a  matter  of  information. 
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